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ABSTRACT 
 
Cultures of mixed freshwater algae were grown in open batch reactors made up of 
modified BG-11 media that contained 0, 25, 50 or 100% of the suggested inorganic carbon 
content (0, 0.5, 0.1 and 0.2 g/L Na2CO3) to assess the subsequent production of the high-value 
product, sulfoquinovosyl diacylglycerol (SQDG).  After 25 days of growth, the reactors were 
composed of primarily Oscillatoria growth.  All four reactors exhibited a trend of increasing 
biomass and alkalinity with time, and an initial increase then decrease in pH.  The total inorganic 
carbon (TIC) in all reactors exhibited a mirrored, opposite trend as pH, with an initial decrease 
then increase over time.  A positive correlation was found between specific growth rate and 
amount of initial total inorganic carbon in the reactors.  The Monod constants µmax and KS were 
estimated to be 0.025 hr-1 and 0.00215 mol/L C, respectively.  At 95% confidence, the amount of 
initial TIC significantly affected the total lipid concentration, which increased with time in all 
reactors, and showed a trend of increasing total lipids with increasing initial TIC.  Additionally, 
the initial TIC did not significantly affect the concentration of SQDG per mL culture or per mg dry 
biomass, or the percent of SQDG within the total lipids.  SQDG content per mg biomass 
decreased with time for all TIC treatments. 
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CHAPTER ONE 
INTRODUCTION AND LITERATURE REVIEW 
 
As the Earth’s atmosphere continues to experience rising levels of greenhouse gases, 
the United States government has placed significant emphasis on the research and 
improvement upon carbon capture mechanisms.  Carbon capture is the process whereby 
inorganic carbon is absorbed through chemical, physical or biological means.  Current 
technologies exist that are highly sophisticated, such as carbon compression and injection into 
permanent underground storage sites at large power plants [www.fossil.energy].  This example 
of carbon capture and storage (CCS) technology is complicated and often expensive; however, 
there is an ongoing search for alternative and more economical methods for carbon capture. 
Many carbon capture systems exist naturally, and for these, the capture or 
“sequestration” of the carbon is biologically driven.  These natural systems are photosynthetic 
and use energy from sunlight, which results in the conversion of carbon source to biomass.  
Many of these photosynthetic carbon capturers are terrestrial, such as trees and other plants; 
however, aquatic organisms such as algae are viable carbon-capturing systems as well 
[www.fossil.energy].  Their innate need for carbon for growth renders these microscopic entities 
a critical player in the carbon capture arena. 
If algae are used for the capture of environmental carbon, the benefits are multiplied.  
In addition to their ability to capture carbon and lower atmospheric greenhouse gases, many 
algae are reported to have between 20 and 50% w/w oil content [Chisti, 2007].  The oil 
produced by algae is at the forefront of biofuel research as well as biomedical research.  One of 
the oils produced, a sulfolipid called sulfoquinovosyl diacylglycerol, or SQDG, has been found to 
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have anti-tumor effects [Hossain et al., 2005; Maeda et al., 2008] as well as human 
immunodeficiency virus and AIDS inhibition [Gustafson et al., 1989]. 
The goal of this research was to quantify the effect of varying media inorganic carbon 
content on the algal production of SQDG for a mixed culture of freshwater algae.  The objectives 
of the research were as follows: 
1)  To determine the algal growth parameters as characterized by Monod single 
limiting substrate models, 
2) To demonstrate the effect of media inorganic carbon content on the algal growth in 
open, batch reactors and 
3) To determine the relationship between media inorganic carbon content and the 
algal formation of SQDG. 
Presented in this chapter are a description of algal biology as it relates to carbon capture 
and a review of current literature on algal research and beneficial use of high-valued algal 
products. 
 
Algal Biology and its Role in Carbon Capture 
Chlorophyta, or green algae, are known to be comprised of more than 7,000 species 
worldwide and are found in both fresh waters and salt waters [science.jrank.org].  They are a 
diverse group of unicellular and multicellular organisms that belong in the microalgae category, 
which are favorites in research and industrial arenas as reliable and efficient producers of useful 
byproducts resulting from their growth [www.oilgae.com].   
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Cyanobacteria, in contrast, are typically unicellular.  These organisms are often referred 
to as blue-green algae due to the presence of a chloroplast [http://www.ucmp.berkeley.edu], 
but are not eukaryotic; thus, they are relatives of bacteria.  
Both cyanobacteria and green algae are photosynthetic organisms that, in basic terms, 
obtain energy from sunlight (absorbed by chlorophyll) and use a carbon source and water to 
produce sugars and other biomolecules, including biomass.  The complex reactions involving the 
assimilation of carbon dioxide in concert with water molecules by using light energy takes place 
within the chloroplast of the cell.  The chloroplast contains the chlorophyll molecules that are 
used to obtain the light energy; these are bound to the tightly woven network of layers inside of 
the chloroplast called the thylakoid membrane [McKee and McKee, 2003].   
Two complex reactions take place during photosynthesis.  The light reactions employ 
Photosystems I and II that move electrons across the thylakoid membrane.  Through a series of 
electron exchanges, ATP is formed, and water molecules are oxidized in order to reduce NADP+ 
to NADPH.  The following equation (equation 1.1) illustrates this reaction [McKee and McKee, 
2003]: 
                                      2 NADP+ + 2 H2O ↔ 2 NADPH + O2 + 2 H
+                                       (1.1) 
Together, the NADPH and ATP produced here are used as components in the following dark or 
“light-independent” reactions *McKee and McKee, 2003] known as the Calvin Cycle (equation 
1.2).  Here, CO2 is reduced by NADPH in order for the cell to use it for biomass synthesis in a 
process known as carbon fixation.    
                                   6 CO2 + 12 NADPH + 18 ATP → C6H12O6 + 12 NADP
+ +18 ADP                     (1.2) 
 The relationship between algal photosynthesis and the resulting formation of new 
biomass lies in a balance between the algal respiration and the rate at which they can form this 
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biomass.  When nitrate is taken up and used as a nitrogen source, Redfield stoichiometry may 
be used to represent the balanced reaction (equation 1.3) [Stumm and Morgan, 1996]. 
                 106 CO2 + 16 NO3
- + HPO4
2- + 122 H2O + 18 H
+ (+trace elements + energy) ↔ 
                                                               C106H263O110N16P1 + 138 O2                                           (1.3) 
 The biology of photosynthesis and the subsequent fixation of inorganic CO2 have 
provided much encouragement to environmentalists and researchers alike who are focused on 
the abatement of rising levels of greenhouse gases.  Many terrestrial plants have been 
researched as forms of biological CO2 mitigation; however, their slow growth rates render them 
inefficient carbon mitigators [B. Wang et al., 2008].  Algae, on the other hand, can double their 
biomass within 24 hours [Chisti, 2008] and are thus more suited for efficient carbon capture. 
 
Algal CO2 Mitigation 
 The need for efficient carbon capture is real.  It is estimated that between 1990 and 
2007, CO2 emissions increased 17%, and most of the increase was due to fossil fuel combustion.  
According to the EPA, the largest sources of CO2 emissions are the power facilities (i.e. coal-fired 
power plants), transportation, and industry [www.epa.gov].  The data suggest that, unless more 
carbon capture methods are perfected and implemented, greenhouse gases will only continue 
to increase.    
 Across the country, there are numerous algal biomitigation projects already underway 
at large, industrial point sources of CO2 emissions.  In Boardman, Oregon, a coal-burning power 
plant by Portland General Electric has been one of the first utilities to undergo pilot-scale testing 
to alleviate its CO2 emissions by using algae to capture it and convert it to usable biomass 
[www.portlandgeneral.com].    Three large tubs of algal culture were exposed to the exhaust via 
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direct pipelines from the facility.  When compared to a control group of algae that were exposed 
only to ambient air, it was found that the emissions-fed culture effectively assimilated the CO2 
and, as a result, grew more abundantly.   In a partnership with Oregon State University, PGE is 
actively investigating the strains of algae that might be more physiologically suited to further the 
CO2 consumption. 
 Similarly, the Cholla Generating Station, an Arizona coal-powered facility, in 2009, 
received $70.5 million as a grant (DE-FOA-0000015) from the U.S. Department of Energy as part 
of its Clean Coal Power Initiative to investigate the use of algal biomass as an effective CO2 
mitigation device [O’Grady, 2009].  The culture will be fed the emissions from the exhaust stacks 
to test the efficacy of using algae to take up a portion of the nearly nine tons of CO2 emitted 
each year [www.sourcewatch.org].  This large-scale testing will satisfy the grant’s requirements 
for Technology Area 2 (“Innovative Concepts for CO2 Use”) by using the power plant’s CO2 
emissions to grow algal biomass [www.pillsburylaw.com].  The D.O.E. provided this money as 
part of the American Recovery and Reinvestment Act (ARRA) of 2009. 
 In a review of the use of microalgae for CO2 mitigation, Wang et al. describe the many 
benefits of algal carbon capture.  According to the authors, algae can obtain carbon from three 
different sources – ambient air, containing only 0.03 to 0.06% CO2; industrial emissions, 
containing nearly 15% CO2; and carbonated sources [B. Wang et al., 2008].  The high levels of 
CO2 from flue gases provide a rich carbon source to be taken up and converted into biomass.  If 
an industry is able to convert its emissions to carbonates like Na2CO3 or NaHCO3, it is afforded 
the additional benefit of releasing the carbon during nightly operations and storing it until 
daylight, when the algae can perform photosynthesis.  In this process, the cells can convert 
Na2CO3 or NaHCO3 to HCO3 (and Na
+ ions), which can then be dehydrated.  The remaining CO2 is 
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used as part of the Calvin Cycle to produce more algal biomass [Sayre, 2010; Stumm and 
Morgan, 1996]. 
 The team also describes the benefit of using microalgae for carbon mitigation in concert 
with wastewater treatment.  Since wastewater effluents contain phosphorous and nitrogen, 
these components would serve as nutrients that the algae need in order to grow; they could 
uptake these nutrients while also performing carbon mitigation.  Clarens et al. describe the use 
of wastewater effluents for feedstock for the algal biomass as a viable alternative to chemical 
fertilizers which could be considered a more “green” option for maintaining algal growth in 
order to accomplish carbon mitigation [Clarens et al., 2010].  Since microalgae can accomplish 
both tasks at once, they can be considered economic and feasible CO2 capture devices. 
 
Products from Algal Biomass 
 By using CO2, nutrients and sunlight, algae produce biomass, and within it, the proteins, 
sugars, and lipids upon which they rely for maintenance of their biological functions.  Many of 
these byproducts as a result of their growth are considered high value - including the biomass as 
a whole, in some cases - and are actively harvested for use in the fields of nutrition, biofuels and 
medicine. 
 
Algae as Nutrition 
 Algae have been used as supplements for thousands of years, dating back to the ancient 
Chinese who used edible cyanobacteria as a source of food [Harwood and Guschina, 2009].  In 
1519, the Aztecs also used a blue-green algae, Spirulina, as a nutritional commodity 
[spirulina4nutrition.com].  Presently, several examples of green algae exist which serve as 
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dietary supplements.  For example, Chlorella, a species of green algae, is made into a 
supplement that is marketed by numerous health food establishments to be rich in vitamins and 
minerals and is even considered to be a natural detoxifier [products.mercola.com; 
www.wellnessresources.com].  The detoxification occurs when metals are removed from the 
bloodstream by binding to the algae’s naturally fibrous cell wall *products.mercola.com] and 
eventually leaving the body. 
 Other varieties of algae are used as sources of docosahexaenoic acid (DHA), also in 
supplement form, sold by businesses such as vitamin and nutraceutical companies.  DHA is of 
great importance to pregnant mothers who can take the supplement to improve their baby’s 
mental development [pregnancyandbaby.sheknows.com].  A study in 2002 illustrated that, 
when women supplemented their diet with DHA, their children at age four showed improved 
cognition over the children of mothers who did not take the supplement [Helland et al., 2003]. 
 
Algae as Biofuel 
 In addition to wide use of algae as nutritional supplements, algal use has recently 
expanded into the fuel industry as well.  As discussed previously, algal biomass is a viable CO2 
capturing mechanism, but when this method of capture is paired with downstream processing, 
several products obtained from the algal biomass render the process even more economically 
and environmentally attractive.  One of these products is cleaner-burning, renewable biofuel 
from cellular triglycerides.  These lipids contain large amounts of unsaturated acids which are 
often referred to as “oils” *McKee and McKee, 2003]; however, they must first be converted to 
usable forms for use in fuels. 
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Wang et al. describe the various methods of converting algal biomass to biofuels.  
According to the team, algal biomass can undergo one of four kinds of processes that yield a 
variety of types of valuable biofuels.  These processes are outlined in Table 1.1 below: 
Table 1.1: Algal Conversion Processes.  Modified from [B. Wang et al., 2008] 
Type of Conversion  Processes Involved Resulting Fuel Products 
Biochemical Conversion 
Fermentation Ethanol, Acetone, Butanol 
Anaerobic Digestion Methane, Hydrogen 
Thermochemical Conversion 
Gasification Fuel Gas 
Pyrolysis Bio-Oil 
Liquefaction Bio-Oil 
Chemical Reaction Transesterification Biodiesel 
Direct Combustion Power Generation Electricity 
 
One of the resulting fuels, biodiesel, has been heavily researched as an algal alternative 
to other previously developed biofuels made from oil crops such as soybeans.  It is proposed 
that some species of algae are able to produce over 80% of their weight in oil content that can 
be harvested for fuel purposes; this stands in stark contrast to the mere 5% produced by some 
oil crops currently used as biofuels [Chisti, 2008].  Due to this extraordinary oil yield, and taking 
into account the algae’s rapid growth rates, it is calculated that only 3% of U.S. crop land would 
be needed to produce biodiesel to eventually replace at least 50% of transport petroleum-based 
diesels.   The amount of land needed to produce an equivalent replacement from oil crops 
would be nearly 20 times as large [Chisti, 2007].  Biodiesel from algae also has an energy yield 
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comparable to that of petroleum diesel: 42.7 MJ/kg for petroleum diesel, and 41 MJ/kg for algal 
biodiesel [Chisti, 2007]. 
  The traits associated with algal biodiesels are extremely attractive and help to make 
algal biomass viable producers of fuels.  However, much research must still be undertaken in 
order to optimize algal biofuel production in terms of cost.  Given current production 
technology, algal biodiesel, for example, costs roughly $10 per gallon [Chisti, 2007], which is 
more than three times the current cost of petroleum based diesel fuel [tonto.eia.doe.gov].   
Nonetheless, fossil fuels are not renewable, and are being consumed rapidly; diesel alone is 
consumed at 120 billion gallons per year [Chen et al., 2009].  The concept of economic supply 
and demand dictates that as fossil fuel availability continually decreases, its price will continue 
to rise; this rise in price may help to further justify algal biofuel products. 
 
Algal SQDG and its Benefits 
 Within the cells are nonpolar, neutral lipids (such as triglycerides) and polar lipids 
[Nordbäck et al., 1998].  The polar lipids are further divided into two subcategories [Nordbäck et 
al., 1998].  The glycolipids subset includes monogalactosyl diacylglycerol (MGDG) and 
digalactosyl diacylglycerol (DGDG).  The phospholipid subset includes the lipids phosphatidyl 
glycerol (PG) and sulfoquinovosyl diacylglycerol (SQDG) [Sugimoto et al., 2008].  These lipids are 
centralized in the algal cell’s thylakoid membrane *Zhou et al., 2009].   
SQDG (C11H13O12SR1R2) is a sulfoglycolipid that makes up between 5 and 12% of the total 
lipid weight [Zhou et al., 2009] and is constructed of a unique head group containing 
sulfoquinovose, a derivative of glucose, and acyl chains of varying degrees of saturation and 
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length [Benning, 1998].  Figure 1.1 illustrates the shape of the SQDG molecule, where R1 and R2 
represent the variable acyl chains [Benning, 1998]. 
                                     
Figure 1.1:  SQDG Molecule [Benning, 1998] 
For the past several years, SQDG has been a lipid of substantial importance in the field 
of medical research.  It has been found to have anti-viral properties that act to inhibit even the 
most serious of viruses such as HIV and AIDS.  Gustafson et al. describe an experiment in which 
sulfolipids from Lyngbya lagerheimii and Phormidium tenue, two types of blue-green algae, 
were used to test the anti-viral efficacy against cells infected with HIV.  Through a series of 
assays, the scientists observed a significant correlation between algal sulfolipid exposure and 
the decrease in HIV virions.  This experiment was one of the first in which SQDG was 
documented to have this effect [Gustafson et al., 1989]. 
In addition to HIV research, much experimentation has taken place to determine the 
anti-viral properties of SQDG on herpes simplex virus (HSV).  Hui Wang et al. used the green 
algae, Caulerpa racemosa, to obtain SQDG and test its inhibition against the virus.  Excellent 
inhibition was found to exist against HSV-2, a virus in the herpes subfamily, when SQDG was 
introduced to host cells infected with the virus [H. Wang et al., 2007].  
Anti-cancer effects have also been observed from SQDG.  Extracts of SQDG in 
combination with MGDG and DGDG from spinach were tested for their effects against colon 
adenocarcinoma, Colon-26, when given orally to mice [Maeda et al., 2008].  It was found that 
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feeding the mice with the combined lipids at 20 mg/kg caused a roughly 56% inhibition of the 
colon tumor growth as compared to control mice that were not given any glycolipid 
supplement.  The SQDG/MGDG/DGDG was found to be responsible for the inhibition of 
angiogenesis, which is the formation of new vessels supplying blood to tumor growths 
[www.cancer.gov].  Similar anti-cancer effects were seen from an SQDG extract from the brown 
algae, Sargassum horneri, whose long chain fatty acids were found to inhibit DNA polymerases 
on the human colon carcinoma cell, Caco-2 [Hossain et al., 2005]. 
 
Effects of Culture Conditions on Algal Growth 
Due to their inherent robustness, algal biomass is notorious for its ability to flourish in a 
vast array of natural and controlled environments.  In laboratory algal research, a number of 
parameters have been altered in order to gauge the algal response and, often, to optimize 
growth for further harvest purposes under various conditions. 
Dean et al. investigated the optimization of algal lipid content in conjunction with higher 
biomass yields under nitrogen-limited conditions to illustrate the promise of algae to become a 
hearty biofuel substitute [Dean et al., 2010].  Commercially obtained strains of algae, 
Chlamydomonas reinhardtii and Scenedesmus subspicatus, were grown in a preculture of 
Jaworski’s Medium and later transferred into triplicate 250-mL experimental flasks at high, 
intermediate, and low nitrogen (as NO3
-): 19.6, 3.0, and 0.8 mg/L, respectively while light, 
ambient temperature, and other controllable parameters were kept constant.  Protein content, 
nitrogen and phosphorous contents, as well as chlorophyll-a content were analyzed from 
samples taken at regular intervals from the flask reactors. 
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It was found that, in the high nitrogen environment (19.6 mg/L), algal growth was 
initially rapid for both of the algal cell cultures.  Additionally, both C. reinhardtii and S. 
subspicatus exhibited significantly higher cell counts in the high nitrogen environment at 4.1x106 
cells/mL and 18.8x106 cells/mL, respectively, by day 22.   The reactors for both of the species 
that were treated with the least amount of nitrogen showed an overall smaller cell count. 
Additionally, it was observed that cell volume was significantly affected by the nitrogen 
provided in each reactor.  C. reinhardtii that grew in the high nitrogen environments showed 
only a minor initial individual cell volume increase, and eventually reached an individual cell 
volume of 208.4 ± 15.4 µm3 by day 36.  Interestingly, the C. reinhardtii that grew in the low to 
intermediate nitrogen environments showed a nearly immediate increase in cell volume (with 
the cells growing in the intermediate environment showing a slightly later response than those 
growing in the lowest nitrogen reactor); both low and intermediate reactors’ cell volumes 
reached their maximums by day 14: 271.5 ± 29.5 µm3 in the low nitrogen reactor, and 311.8 ± 
29.0 µm3 in the intermediate nitrogen reactor.  Likewise, S. subspicatus exhibited lower 
maximum cell volumes in the high nitrogen reactors, while in the low to intermediate nitrogen 
environments, their cell volumes showed a minor increase.  However, when taking into account 
cell density, both C. reinhardtii and S. subspicatus exhibited an overall reduction in biomass in 
the low nitrogen environments due to nitrogen starvation. 
Fourier transform infrared (FTIR) spectroscopy was used to confirm and quantify the 
presence of the algal lipids by analyzing the lipid-to-amide ratio.  In high nitrogen environments, 
C. reinhardtii and S. subspicatus showed slower rates of increase in ratio while, in low to 
intermediate nitrogen reactors, both showed more rapidly increasing ratios (relatively reaching 
the same ratio by the end of growth for both).   
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Even though the low nitrogen reactors grew cells that produced relatively the same 
amount of lipid, it was evidenced by this research that biodiesel production under low nitrogen 
conditions is still too inefficient.   However, the research also shows promise that, even though 
nitrogen may be limited during growth, lipids are still actively produced.  This indicates that 
optimization of these limitations, and perhaps the selection of a more robust algal species suited 
for this kind of limitation, may lead to more efficient lipid production, and thus move algae even 
closer to the forefront of viable fuel replacements.   
Using nitrogen in concert with light as limiting factors in algal growth, Solovchenko et al. 
further illustrated the effects of varying culture conditions on the green algae Parietochloris 
incisa, an algae known to produce the most abundant levels of arachidonic acid [Solovchenko et 
al., 2008], which has been found to be a necessary component for brain development in infants 
[Birch et al., 1998] and also enhances infant growth when used in combination with DHA 
(docosahexaenoic acid) [Clandinin et al., 2005]. 
The culture was maintained in log phase and grown on nitrogen replete and nitrogen-
free BG-11 medium, each reactor exposed to low, medium and high light intensities (35, 200 
and 400 µmol photons m-2 s-1 , respectively).  The fatty acid content of the cells from each 
reactor was analyzed via gas chromatography. 
It was found that no matter the nitrogen presence, slow growth rates were exhibited by 
the algal culture grown in low light conditions (0.26 and 0.3 mg dry weight/day for N-starved 
and N-replete, respectively), where light is considered the limiting substrate.  In medium light, 
cultures grown in nitrogen-rich media were shown to have higher biomass than those grown in 
nitrogen-poor media, whose dry weights were similar to the cultures grown in low light.  Lastly, 
the algae that were grown in the high light environment exhibited the highest biomass of all the 
14 
 
cultures in the nitrogen-rich media (8 mg/mL), but the biomass grown in nitrogen-poor media 
showed no difference in biomass than those grown in low or medium lights. 
Interestingly, when taking into account the production of arachidonic acid as a 
percentage of total fatty acids, the algae that were grown in the high light with the high nitrogen 
environment produced less than 40% of their total fatty acids as arachidonic acid, the lowest 
value in the experiment.   However, because of the more prolific growth at higher light levels, 
the algae grown in the high-light and nitrogen-rich environment actually exhibited more total 
fatty acid and arachidonic acid formation per unit volume of biomass.   
It is illustrated by this experiment that, in order to optimize the production of the 
compound of interest, both nitrogen and light must be crucially balanced such that the optimum 
production is achieved.  It is also shown that, in terms of this particular compound’s formation, 
the consideration of the biomass volume plays a more critical role in optimization than the 
percentage of the compound as part of the larger group of constituents (i.e. arachidonic acid as 
a percentage of total fatty acids).   
A similar approach to nutrient limitation is introduced by Sugimoto et. al, whose team 
investigated the effects of sulfur starvation on C. reinhardtii [Sugimoto et al., 2008]. In this 
research, C. reinhardtii was cultured in sulfur-deprived or sulfur-replete tris-acetate-phosphate 
medium in Erlenmeyer flasks and were allowed to grow into their logarithmic phases.  After 
extraction of the total lipids [Sato, Sonoike, et al., 1995] and their separation into classes [Sato, 
Tsuzuki, et al., 1995], the lipids obtained from the sulfur-starved thylakoid membranes exhibited 
a reorganization such that SQDG levels dropped by 90% within 6 hours of growth, and PG 
showed a corresponding increase to an extent that matched the SQDG’s decrease.  The drop in 
SQDG is explained by the researchers as a use of the SQDG by the algae as a sulfur source in the 
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sulfur-limited conditions, as SQDG is the sole sulfur-containing lipid [Sugimoto et al., 2008].  
Between 6 and 24 hours, as SQDG levels stopped dropping, PG levels also stopped increasing, 
additionally suggesting that the algae’s internal levels of PG are dependent on the presence of 
SQDG. 
The subsequent increase in PG from the C. reinhardtii grown in sulfur-limited media is 
further explained by the similar decrease in PG for algal cultures that have grown in 
phosphorous-limited environments because of its use as a potential phosphorous source, and a 
concurrent increase in SQDG in the same algae.  This PG/SQDG relationship of one substituting 
for the other is explained as the cell’s attempt to balance the negative charge associated with its 
photosynthetic membranes, since both are the acidic lipids that are located within the cell’s 
thylakoid membranes.   This research confirmed that the thylakoid membranes are, in fact, 
where these two lipid substitutions take place. 
A more definite explanation as to why PG is increased in specifically sulfur-starved 
conditions is given when Photosystem I is investigated in this phenomenon; the removal of PG 
was studied in order to assess the role that PG plays within this photosynthetic pathway.  Upon 
the removal of 70% of the PG from the sulfur-starved cells, a 34% decrease in Photosystem I 
activity was observed, which indicated that, in order for Photosystem I to maintain activity 
under limited sulfur conditions, PG must be increased [Sugimoto et al., 2008]. 
This research exemplified the importance of the SQDG and PG relationship within 
thylakoid membranes of algal cells and may help to further the understanding of the vital roles 
these lipids play in their optimal growth. 
At Clemson University, Conwell sought the optimization of SQDG through varying the 
intensity of light during the growth of a mixed culture of green algae, containing primarily 
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Scenedesmus [Conwell, 2005].  Light intensities of 37, 150, and 370 µEm-2s-1 were used to grow 
the algal cultures in 4L fed-batch reactors using a modified BG-11 medium [Conwell, 2005].  The 
cultures were grown into their decreasing growth phases, and samples were taken for biomass 
quantification and analysis throughout the experiment.  Additionally, at days 5 and 25 of the 
algal growth, algal samples were obtained for further lipid separation and identification via Bligh 
and Dyer techniques, solid-phase extraction, thin layer chromatography and HPLC analysis 
[Norman et al., 1996]. 
As is reported in previous work, it was found that biomass concentrations increased in 
reactors that were subjected to the highest light intensities [Archer et al., 1997].  More 
specifically, in terms of the observed algal kinetics, the highest specific growth rate (0.75 ± 0.6 
day-1) was achieved at the highest light intensity, and the lowest (0.40 day-1) at the lowest light 
intensity, indicating a positive correlation between growth rate and light. 
The combined SQDG and PG concentrations from each of the cultures at day 25 were 
determined with HPLC analysis and a known concentration of commercially obtained SQDG 
standard (Lipid Products, UK).  Total lipid concentrations were also determined for the same 
samples.  It was observed through ANOVA (α = 0.05) that total lipid concentrations were, in fact, 
not statistically affected by varying light intensity; however, the large standard deviations that 
were observed in these measurements may have contributed to this finding.  In contrast, when 
the combined SQDG and PG concentrations per mL of total lipids were determined, ANOVA (α = 
0.10) revealed that increasing light intensity acts to lower the lipid concentrations.  This may be 
explained by the need for algae at lower light levels to ramp up chloroplast activity, thus 
increasing production of the lipids. 
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The combined SQDG and PG concentrations per dry weight of the algal samples, which 
was found to be highest (0.05 ± 0.02 mg/mg algae) at 34 µEm-2s-1, was found through ANOVA (α 
= 0.01) to be significantly affected by light intensity; that is, the higher the light intensity 
provided, the lower the concentration of SQDG and PG per unit of algal dry weight.  The same 
held true for SQDG/PG concentrations as a percentage of total lipids.   
The day 5 samples were statistically analyzed in the same manner, and similar 
conclusions were drawn.  As with total lipid concentrations found for day 25, no significant 
correlation (α = 0.05) was found to exist between total lipids and light intensities, and the 
standard deviations were similarly large.  In contrast to the day 25 findings, the combined SQDG 
and PG concentrations per mL of total lipids increased with increasing light intensities (α = 0.01), 
reaching 0.05 ± 0.02 mg/mL at 289 µEm-2s-1.  When quantifying the combined SQDG/PG 
concentrations per dry weight of the algal samples, it appeared that no significant correlation 
existed between light intensity and SQDG/PG concentration per unit algal dry weight at a 95% 
confidence interval.  The data obtained in days 5 and 25 are presented in Table 1.2 below: 
Table 1.2: Combined SQDG/PG Concentrations With Time [Conwell, 2005] 
Combined SQDG/PG 
 Concentration 
Light Intensity 
Low Medium High 
Day 5   (mg/mg dry weight) 0.0677 0.0757 0.0911 
Day 25 (mg/mg dry weight) 0.0546 0.0218 0.0158 
Day 5   (mg/L) 19.2 33.2 54.2 
Day 25 (mg/L) 52.7 27.6 26.5 
 
The data suggest that when the concentration of SQDG/PG is taken either per unit 
volume of dry weight or per reactor volume, high light intensity yields the highest concentration 
at day 5, while low light intensity yields the lowest.  However, at day 25, the highest light 
intensity yields the lowest SQDG/PG per mg dry weight, while the lowest light intensity yields 
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the highest SQDG/PG per reactor volume.  When considering SQDG/PG as a concentration per 
reactor volume, no real change in value is observed between the medium and high light 
intensities on day 25. 
The stark differences in lipid to light intensity correlations between day 5 and day 25 
may be useful in determining the optimum time in which to grow Scenedesmus for SQDG 
production.  By day 5 of the algal growth, light intensity variations did not seem to affect the 
lipid’s concentration per unit dry weight; however, by day 25, a negative correlation was 
observed as growing the culture at the highest light intensity yielded the lowest concentration 
of valuable lipid per algal dry weight.   This research illustrates the careful balance of 
environmental factors required to optimize growth of a specific species of algae in order to 
obtain a highly valuable product. 
Similarly, Archer et al. quantified the effect of light limitation on the cyanobacteria, 
Anabaena 7120, and the resulting production of sulfolipids [Archer et al., 2007].  The algae were 
grown in BG-11 media in 2L fed-batch photobioreactors operated at either 66, 88, 120, or 170 
µEm2s-1.  Samples of culture were taken every 24 hours for growth characterization as well as 
lipid analysis.   
The lipids within the algal cells were extracted using liquid-liquid separation techniques, 
and thin layer chromatography (TLC) on silica plates, followed by photodensitometric scanning 
methods, were used to quantify the algal sulfolipids.  It was found that after 20 days of growth, 
the culture grown in the highest light intensity (170 µEm2s1) achieved the highest biomass 
concentration (2.5 g/L), while cultures grown at the lowest light intensity yielded the lowest 
biomass concentration (1.24 g/L).  A trend of increasing biomass with increasing light intensity 
was evident. 
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Additionally, it was observed that just after exponential growth phase, an increase in 
sulfolipid production occurred in all light-level reactors (during which, sulfolipids are considered 
a growth-associated product), and a gradual increase in production during light-limited growth 
(during which, sulfolipids are non-growth associated products)[Archer et al., 2007].  It was also 
determined that after two weeks of growth, light level appeared to have no effect on the algal 
sulfolipid production; all cultures, regardless of light level, appeared to produce between 11 and 
12 mg/g dry biomass.  Archer et al. determined this to be a result of self-shading taking place 
such that the culture grown in high light, which achieved the densest culture, experienced an 
effective light intensity roughly equal to that of the lowest light intensity. 
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CHAPTER TWO 
EXPERIMENTAL METHODS 
 
Overview 
 The batch reactor growth of cultures of mixed freshwater algae and the associated 
production of the sulfolipid sulfoquinovosyl diacylglycerol (SQDG) were studied and quantified 
under various inorganic carbon treatments.  The mixed culture was obtained from the Clemson 
University aquaculture ponds and was grown using either 0, 25, 50 or 100% of the suggested 
inorganic carbon content of a modified BG-11 media.  The methods for analysis of the algal 
growth and associated lipid production are presented in this chapter. 
 
Batch Reactor Algal Growth 
 After collection from the aquaculture ponds, the algal cultures were grown in four pre-
culture reactors set up with either 0, 25, 50 or 100% of the Na2CO3 prescribed in the modified 
ATCC media 616 Medium BG-11 [www.atcc.org] whose ingredients are listed in Table 2.1.   
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Table 2.1: Modified 616 Medium BG-11 
Chemical Amount 
NaNO3 1.5 g 
K2HPO4 0.04 g 
MgSO4 7H2O 0.075 g 
CaCl2 2H2O 0.036 g 
Citric Acid 6.0 mg 
Ferric Ammonium Citrate 6.0 mg 
EDTA 1.0 mg 
Na2CO3 0.2 g* 
Trace Metal Mix A5 1.0 mL 
Deionized Water 1.0 L 
Trace Metal Mix A5 
H3BO3 2.86 g 
MnCl2 4H2O 1.81 g 
ZnSO4 7H2O 0.222 g 
Na2MoO4 2H2O 0.39 g 
CuSO4 5H2O 0.079 g 
Co(NO3)2 6H2O 49.4 mg 
Deionized Water 1.0 L 
*0, 0.05, 0.1 and 0.2g Na2CO3 was added to Reactors 0, 25, 50 and 100, respectively 
 
Initial media pH was adjusted to 10.3 using NaOH before adding the algal biomass. 
Glass, 4L jars were used as reactors.  The reactors were placed in a Climate Technologies, Inc. 
Model G3 environmental chamber maintained at 25°C, and magnetic stir bars continuously 
mixed the cultures at 200 rpm.  The chamber was equipped with fluorescent lights suspended 
over the 4 reactors.  An Apogee Instruments, Inc. Model MP-100 pyranometer was used to 
measure the light level at the 4L mark around the circumference of each of the reactors, and 
was recorded to be 150 µEm-2s-1. 
26 
 
 The four pre-culture reactors were maintained for 18 days.  At this time, the biomass 
was transferred at the same mass into new reactors with corresponding inorganic carbon 
treatments to begin experimental cultures.  In order to achieve the same quantity of biomass in 
each reactor, 2% of the highest dry weight found in a preculture reactor was used to inoculate 
the same mass of biomass into each new reactor.  For example, if the highest dry weight 
measured in a pre-culture reactor was 1000 mg/L in a 4L reactor, each new reactor was 
inoculated with 80 mg of culture.  Prior to placing the biomass into the new reactors, initial pH 
of the reactors was adjusted to 10.3.  Algae were allowed to grow for 25 days. 
 
Algal Species Identification 
 Samples of culture growing in each reactor were brought to Scott Davis of the Clemson 
University Aquaculture Facility for observation and identification with a Meiji phase contrast 
microscope (Martin Microscope Company) equipped with a video camera. 
 
Algal Sample Collection Schedule 
 During the course of the experiment, samples were collected in order to perform later 
analysis to aid in the characterization of the algal growth.  On each sample day, deionized water 
was added to bring the liquid level in the reactors back to the level marked at the end of the 
previous sample day, to account for any water evaporation.  In addition to samples collected for 
optical density, total suspended solids and alkalinity analysis, two 40-mL samples were also 
removed from each reactor and frozen for lipid extraction, separation, and analysis.  Figures 2.1 
and 2.2 illustrate the order of procedures used throughout the experiment.   
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Figure 2.1: Procedural Flow Chart for Sampling 
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Figure 2.2: Procedural Flow Chart for Extraction and Analysis  
Tables A.1 illustrates the sample collection schedule that was employed for the 
experiment.   
 
Optical Density 
 One 10-mL sample was pipetted into a clean cuvette and placed in a Thermo Spectronic 
20D+ spectrophotometer that was zeroed with deionized water at 750 nm.   
 
Total Suspended Solids 
 Two 25-mL samples were pipetted from each reactor and vacuum filtered through an 
apparatus equipped with circular 0.2 µm filters.  Each filter was weighed, prior to filtration, 
inside of an accompanying aluminum dish.  Liquid was collected from each filtered 25-mL 
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sample in a beaker.  This liquid sample was immediately analyzed for alkalinity in order to 
minimize carbon exchange with the environment.  The filter was carefully removed from the 
apparatus with tweezers and placed in the clean, pre-weighed aluminum dish.  The dish and 
filter were placed in an oven at 70°C and dried for 24 hours.  Once dry, the dish and filter were 
weighed.  The difference between post-drying weight and clean weight of the dish with filter 
represented the weight of the solids trapped in the filter. 
 
Alkalinity 
 Using the liquid filtrate retrieved from each 25-mL sample from each reactor, alkalinity 
was calculated.  Before each analysis, the pH probe (Thermo Electron Co.) was equilibrated 
using 4.01, 7.00 and 10.01 pH buffer solutions.  The initial pH of the algal filtrate liquid was 
recorded, and 0.02 or 0.2N H2SO4 sulfuric acid was titrated into the sample to bring the pH to an 
endpoint of 4.5.  The volume of acid added was recorded and used to calculate the alkalinity of 
the sample using the following formula (2.1). 
                   [ALK] = (A * N) / V                                                            (2.1) 
 In the above formula, A (mL) represents the volume of acid added to the sample, N 
(moles equivalent charge/L) represents the normality of the added acid, and V (mL) represents 
the volume of the sample being analyzed.  [ALK] is the alkalinity of the sample, expressed as mol 
equivalent charge/L. 
 
Total Inorganic Carbon 
 Using the calculated value for alkalinity, initial pH measurements and established 
equilibrium relationships for modeling closed systems, the total inorganic carbon (TIC) was 
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calculated for each of the two 25-mL samples collected from each reactor in the following 
manner.   
 First, the hydrogen ion concentration [H+] was calculated based on the following 
relationship (2.2): 
            pH = -log[H+] and [H+] = 10-pH                                                (2.2) 
  Once calculated, the hydrogen ion concentration was used to calculate the hydroxide 
ion concentration [OH-] based on the following relationship (2.3): 
                   [OH-] = Kw/[H
+]                                                              (2.3) 
where Kw represents the ion product of water, which equals 10
-14 at 25°C [Stumm and Morgan, 
1996]. 
 Using equations obtained from literature [Stumm and Morgan, 1996] representing 
carbonate chemistry in a closed aqueous system, the total inorganic carbon content of the 
samples was calculated.  The following equations illustrate this process: 
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                                                             (2.6) 
where K1 represents the first equilibrium constant for the dissociation of carbonic acid, or 10
-6.3, 
and K2 represents the second equilibrium constant for the dissociation of bicarbonate, or 10
-10.25.  
Both are representative of equilibrium at 1 atmosphere pressure and 25°C.  Total inorganic 
carbon is represented in equation 2.6 as CT.   
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Extraction of Lipids from Frozen Samples 
 The lipids from each saved, frozen sample containing 40 mL of algal culture were 
extracted using the Bligh and Dyer method [Bligh and Dyer, 1959].  To begin, the samples were 
removed from the freezer and thawed in a warm water bath for 25 minutes.  One molar sodium 
chloride was added to each tube at a volume of 5.3 mL.  The tubes were centrifuged for 25 
minutes at 142 g, creating a pellet of algae at the bottom of each.  Without disturbing the pellet, 
the supernatant was removed and discarded, leaving 5 mL of liquid over the pellet.  Tubes were 
placed standing in a cooler of ice, and 26.7 mL of chloroform:methanol:acetic acid (1:2:0.1, 
v/v/v) was added.  The chilled tubes were vortexed thoroughly for 45 seconds to one minute 
each, to ensure that the culture was uniformly dispersed throughout, then returned to the ice.   
After the tubes were placed on ice, 9.33 mL of chloroform and 2.67 mL of 1M NaCl were 
added to the tubes.  The tubes were then centrifuged for 3 minutes at 84 g, which resulted in 
two distinct layers.  The top layer consisting of a mixture of methanol and water was aspirated 
from each tube and discarded.   
In order to expedite the extraction process, the remaining bottom layer of each tube, 
consisting of chloroform and dissolved lipids, was split evenly among two tubes.  A volume of 
7.14 mL of 1M NaCl was then added to each half.  The tubes were centrifuged at 84 g for 3 
minutes and top layers were aspirated and discarded.   
The halved bottom layers remaining in each tube were recombined into the original 
sample tubes, and 8 mL of methanol:chloroform:1M NaCl (47:3:48, v/v/v) was added to each.  
The tubes were centrifuged at 84 g for 3 minutes, which resulted in the formation of a green 
algal debris phase between the distinct top and bottom layers.  Only the top layer was aspirated 
and discarded, leaving the debris to sit on top of the bottom layer.   
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Once more, an 8 mL volume of methanol:chloroform:1M NaCl (47:3:48, v/v/v) was 
added to each tube, as well as an additional 2.67 mL of 1M NaCl.  The tubes were centrifuged 
for 3 minutes at 84 g, and the top layer was aspirated and discarded, leaving the algal debris and 
the bottom layer.   
Eight milliliters of chloroform:methanol:distilled water (3:48:47, v/v/v) were added to 
each tube.  The tubes were shaken vigorously by hand prior to centrifuging them for 3 minutes 
at 84 g.  The top layer as well as the algal debris phase were aspirated and discarded, leaving the 
bottom, chloroform layer containing the algal lipids.  This layer was dried completely using 
nitrogen gas.  The dried lipid at the bottom of each tube was redissolved in 4 mL of chloroform.  
From this 4 mL volume of lipid/chloroform mixture, four HPLC vials were filled with 1 mL each, 
and topped with N2 gas, to be saved in the freezer for later TLC separation, solid phase 
extraction, and lipid weight determination. 
 
Solid Phase Extraction of Lipid Samples 
 Subsample A was then further separated using solid phase extraction [Conwell, 2005; 
Norman], yielding neutral lipids, galactolipids, and phospholipids, as outlined below. 
A solid phase extraction unit was used in conjunction with Alltech Sep-Pak 500-mg 
cartridges and glass test tubes.  Each cartridge was washed using 10 mL methanol, then 10 mL 
methylene chloride, and finally 10 mL chloroform, and was emptied between each wash.   
 New, clean test tubes were placed in the extraction unit beneath each cartridge.  The 
full contents (1 mL) from each HPLC sample vial were poured into each cartridge.  The sample 
was allowed to fully vacuum through the silica and collect in the tube beneath, before 2 mL of 
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chloroform was pipetted into each cartridge to elute the neutral lipids.  Once evacuated from 
the cartridge, the tubes containing the neutral lipids were removed, labeled and set aside.   
New test tubes were replaced in the vacuum manifold, and 2 mL of 93:7 methylene 
chloride:methanol was pipetted into the cartridges to elute galactolipids.  Once the sample was 
fully vacuumed through the silica, the tubes containing galactolipids were removed, labeled and 
set aside.   
New test tubes were replaced in the vacuum manifold, and 2 mL of methanol was 
pipetted into each cartridge in order to elute the phospholipid fraction, which contained the 
sulfolipid compound of interest, sulfoquinovosyl diacylglycerol [Norman et al., 1996].  After fully 
evacuating the liquid, the test tubes containing the phospholipids were removed, labeled, and 
set aside, and the cartridges were discarded. 
 Once all lipid fractions were retrieved, each tube containing neutral lipids, galactolipids 
and phospholipids was fully dried under nitrogen gas, and the dried lipids were each 
resuspended in 1 mL of 60:40 heptane:isopropanol.  The tubes were placed in the freezer for 
further analysis via HPLC. 
 
Thin Layer Chromatography of Lipid Samples 
 Subsample B was used to perform further separation through thin layer 
chromatography.  A 20 cm x 20 cm silica gel plate (EMD Chemicals, Inc.) was dried for 45 
minutes in a 90° C oven to eliminate any moisture from the plate.  While the plate was drying, a 
glass TLC chamber was lined with paper towels, and 100 mL of a mixture of 
chloroform:methanol:acetone:glacial acetic acid:deionized water (50:10:20:15:5, v/v/v/v/v) was 
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poured into the tank.  A lid was placed on the lined tank, and it was left to equilibrate and fully 
saturate while the TLC plate continued to dry.   
Once dry, a straight line was lightly drawn across the plate with pencil about one inch 
from the bottom.  The plate was slowly spotted along this line with 150 µL aliquots from each 
lipid sample.  The spots were dotted onto the plate about one inch from one another, which 
allowed for 7 separate lipid samples to run simultaneously on one TLC plate.  Additionally, 150 
µL aliquots of SQDG standard and PG standard (Lipid Products, UK) were slowly dotted onto the 
TLC plate.  The plate was placed standing upright in the TLC chamber, and the lid was sealed 
onto the chamber with vacuum grease.  The plate was run in this environment for 75 minutes 
then removed to dry in a fume hood.   
Used as a viewing agent, a mixture of 0.05% Primulin in acetone:deionized water (80:20, 
v/v) was sprayed onto the plate and allowed to dry [www.cyberlipid.org].  Using a hand-held UV 
light at 365 nm [Zhou et al., 2009], the lipid spots were viewed and the retention factors (Rf) of 
the visible SQDG and PG were calculated.  The Rf was calculated to be the distance that the spot 
traveled divided by the distance traveled by the solvent front.  The SQDG spots from each lipid 
sample were scraped from the plate and carefully placed in separate centrifuge tubes and 
resuspended in chloroform:methanol (1:2, v/v).  The tubes were vortexed and centrifuged at 
189 g for 5 minutes.  The supernatant containing the dissolved SQDG from each tube was saved 
by pipetting into new test tubes.  Each was dried completely using nitrogen gas, and the 
remaining SQDG was resuspended in 350 µL of HPLC-grade isopropanol.  These samples were 
frozen until HPLC analysis. 
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HPLC Separation and Quantification of Lipid Samples 
High performance liquid chromatography was used to further analyze and quantify the 
algal SQDG from phospholipid fractions.    A Hewlett-Packard HPLC machine (Agilent 
Technologies) was equipped with a 5 micron Alltech Alltima normal phase Ultra silica column 
(150 x 10 mm) and was used for phospholipid analysis in the primary investigation.  The post 
investigation employed a 3 micron Agilent Eclipse Plus C18 column (4.6 x 150 mm).   The primary 
investigation’s mobile phase consisted of either methanol:water:acetic acid with 0.3% 
triethylamine (90:9:1, v/v) (solvent A) or isopropanol (solvent B), based on a method developed 
by Yunoki et al (2009).  The subsequent post-investigation’s mobile phase consisted of either 
acetonitrile:water:phosphoric acid (90:9:0.5, v/v) (solvent A) or isopropanol (solvent B).  The 
gradient solvent system used to elute the SQDG from the samples is outlined in Table 2.2 below.   
Table 2.2: HPLC Gradient Time Table 
Primary Investigation Post Investigation 
Time (min) % A % B Time (min) % A % B 
0 30 70 0 75 25 
2 30 70 12 40 60 
6 30 70 12.10 75 25 
8 50 50 15 75 25 
15 100 0    
17 100 0    
18 30 70    
25 30 70    
 
Samples were injected in duplicate at 150 µL each at a flow rate of 1.2 mL/min (primary 
investigation) or single injections of 150 µL each at a flow rate of 0.6 mL/min (post 
investigation), and peaks were detected by a photo diode array detector operated at 208 nm.  
An SQDG and PG standard (Lipid Products), as well as a series of their dilutions, were also 
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analyzed on the HPLC using the same method in order to assist in the identification and 
quantification of SQDG peaks from experimental samples by comparing retention times.  The 
concentration of each of the stock standards was 5 mg/mL.    Standard curves were constructed 
using the peak areas obtained from HPLC analysis of each dilution of the SQDG and PG. 
Once the sample phospholipids were analyzed, the concentration of SQDG per mL of 
culture was calculated, as illustrated in equation 2.7: 
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The concentration of SQDG per mg of dry weight biomass was also calculated, as illustrated in 
equation 2.8: 
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Total Lipid Weight Measurement 
Total lipids were weighed from subsample C.  VWR aluminum dishes (8 mL) were 
washed in chloroform and placed in an oven at 50°C for 60 minutes to dry.  After drying, the 
dishes were weighed.  Once more, the dishes were dried in the oven for 20 additional minutes 
and re-weighed in order to confirm that a consistent weight had been achieved.   
Two 400 µL aliquots were removed from each vial by syringe, and each aliquot was 
placed into a dish.  The dishes with samples were placed back into the oven at 50°C for 30 
minutes to dry.  Once dry, each dish with sample was weighed once more.  After weighing, the 
dishes were placed back into the oven for 20 more minutes to verify that the weight achieved 
was consistent. 
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The difference between the pre-sample weight of the dish and post-sample weight 
represented the weight of the total lipids in each 400 µL aliquot. 
 
Growth Parameter Determination 
Parameters that characterized the growth in each reactor were calculated.  Since the 
carbon source provided in the media could be considered a single-limiting nutrient while all 
other nutrients were in excess, the Monod model was used to characterize the batch algal 
growth in each reactor.   
A mass balance was first employed in order to model the change in biomass with time, 
as shown in equation 2.9 below: 
                                                           
  
  
                                                                    (2.9) 
where µ represents the specific growth rate coefficient (hr-1), XB represents the biomass 
concentration (mg/L) and kd represents the decay constant (hr
-1).  Due to the movement of CO2 
into the open reactor vessels, the decay constant was not observed, and the Monod model 
(equation 2.10) was substituted into the mass balance equation, yielding equation 2.11. 
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where µmax is the maximum specific growth rate (hr
-1), S is the total inorganic carbon (mol/L C), 
and Ks is the half-saturation constant for inorganic carbon limited growth (mol/L C). 
 The model was then linearized using the Lineweaver-Burk method [Grady et al., 1999], 
and a graph was constructed that plotted the inverse of the growth rate versus the inverse of 
the average total inorganic carbon.  This linearization can be seen in equation 2.12 below. 
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In order to determine the value of µmax and Ks, the following equations were derived from the 
Lineweaver-Burk linearization: 
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CHAPTER THREE 
DETERMINATION OF FRESHWATER ALGAL BIOMASS AND SULFOLIPID CONTENT AS 
FUNCTIONS OF INORGANIC CARBON TREATMENT 
 
Abstract 
Mixed cultures of freshwater algae were grown in open batch reactors made up of  
modified BG-11 media that contained 0, 25, 50 or 100% of the suggested inorganic carbon 
content (0, 0.5, 0.1 and 0.2 g/L Na2CO3) to assess the subsequent production of the high-value 
product, sulfoquinovosyl diacylglycerol (SQDG).  After 25 days of growth, each reactor was 
comprised of primarily Oscillatoria growth.  All four reactors exhibited a trend of increasing 
biomass and alkalinity with time, and an initial increase then decrease in pH.  The total inorganic 
carbon (TIC) in all reactors exhibited a mirrored, opposite trend as pH, with an initial decrease 
then increase over time.  A positive correlation was found between specific growth rate and 
amount of initial total inorganic carbon in the reactors.  The Monod constants µmax and KS were 
estimated to be 0.025 hr-1 and 0.00215 mol/L C, respectively.  At 95% confidence, the amount of 
initial TIC significantly affected the total lipid concentration, which increased with time in all 
reactors, and showed a trend of increasing total lipids with increasing initial TIC.  Additionally, 
the initial TIC did not significantly affect the concentration of SQDG per mL culture or per mg dry 
biomass, or the percent of SQDG within the total lipids.  SQDG content per mg biomass 
decreased with time for all TIC treatments.   
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Introduction 
 As the Earth’s atmosphere continues to experience rising levels of greenhouse gases, 
there has been much emphasis placed on the research and improvement of carbon capture 
methods.  Due to their photosynthetic requirement for carbon uptake, algae can be considered 
to be a promising, viable means for atmospheric carbon mitigation [www.fossil.energy.gov].   
 If algal cultures are used for this purpose, high-value products may be obtained from 
their harvest, such as oils for biofuels and additional lipids that are beneficial to the medical 
community.  Sulfoquinovosyl diacylglycerol (SQDG), one such lipid, has been documented by 
numerous sources to exhibit anti-AIDS and anti-cancer properties. 
 The goal of this research was to quantify the effect of media inorganic carbon content 
on the algal production of SQDG for a mixed culture of freshwater algae.  The objectives of the 
research were as follows: 
1)  To determine the algal growth parameters as characterized by Monod single 
limiting substrate models, 
2) To demonstrate the effect of media inorganic carbon content on algal growth in 
open, batch reactors and 
3) To determine the relationship between media inorganic carbon content and the 
algal formation of the sulfolipid, SQDG. 
 
Literature Review 
Algal Biology and its Role in Carbon Capture 
 Chlorophyta, or green algae, are comprised of more than 7,000 species worldwide 
[science.jrank.org], and along with cyanobacteria, or blue-green algae, are diverse groups of 
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organisms that are favorites in research and industry as efficient producers of valuable 
byproducts resulting from their photosynthetically-driven growth [www.oilgae.com].  
Photosynthesis involves the assimilation of carbon dioxide by using light energy that is obtained 
by chlorophyll molecules within the chloroplast (equation 3.1) [Stumm and Morgan, 1996].  The 
chlorophyll molecules are bound to a network of layers called the thylakoid membrane [McKee 
and McKee, 2003].  In “dark reactions,” or the Calvin Cycle, CO2 is reduced by NADPH and used 
for biomass synthesis [McKee and McKee, 2003].  Although many terrestrial plants carry out 
photosynthesis in the same manner, algae can double their biomass within 24 hours [Chisti, 
2008] and are thus more suited for efficient carbon capture. 
                 106 CO2 + 16 NO3
- + HPO4
2- + 122 H2O + 18 H
+ (+trace elements + energy) ↔ 
                                                               C106H263O110N16P1 + 138 O2                                           (3.1) 
 Current data released by the EPA [www.epa.gov] suggest that, unless more carbon 
capture methods are perfected and implemented, greenhouse gases will continue to increase as 
a result of combustion of coal and other fossil fuels.  In an effort to lower their greenhouse gas 
emissions, several coal-fired power plants across the country have initiated biomitigation 
projects that aim to capture output carbon through the use of algal growth [O’Grady, 2009; 
www.portlandgeneral.com].   
 Several researchers have championed the use of algal cultures as CO2 mitigators due to 
their ability to uptake carbonate salts [B. Wang et al., 2008] which can eventually be converted 
to CO2 and used in further biomass synthesis.  This means that if a power plant can convert and 
store its emissions as carbonates, it is afforded the additional benefit of releasing the carbon 
during nightly operations and storing it until daylight, when the algae can perform 
photosynthesis.  Additionally, algal biomass can be used to accomplish wastewater treatment 
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while simultaneously capturing carbon [Clarens et al., 2010; B. Wang]; while the compounds in 
wastewater serve as available nutrients for the algae, the waste is being treated, and the algal 
cultures are continuing their photosynthetic maintenance. 
 
Products from Algal Biomass 
 By using CO2, nutrients and sunlight, algae produce biomass, and within it, the proteins, 
carbohydrates, and lipids upon which they rely for maintenance of their biological functions.  
Many of these byproducts as a result of their growth are considered high value - including the 
biomass as a whole, in some cases - and are actively harvested for use in the fields of nutrition, 
biofuels and medicine. 
Algae have been used as supplements for thousands of years, dating back to the ancient 
Chinese who used edible cyanobacteria as a source of food [Harwood and Guschina, 2009], and 
are used currently as beneficial supplements to improve health [products.mercola.com, 
www.wellnessresources.com].  More recently, however, much more attention has been given to 
algal lipid production by the biofuel industry due to the increasing dependence on fossil-based 
fuels used for transportation.  Through the chemical conversion process of transesterification [B. 
Wang et al., 2008], algal biodiesel shows promise as a potential petroleum replacement.  Algae 
present a potential replacement of currently used oil crops, such as soybeans, due to their 
significantly higher oil content [Chisti, 2008] and offer a much smaller footprint in terms of land 
use in order to yield the same volume of biodiesel as slow-growing oil-crops [Chisti, 2007].   
Additional benefit of algal lipid production is observed from a medical standpoint, as 
well.  Sulfoquinovosyl diacylglycerol, SQDG, is a polar, algal phospholipid (Figure 3.1) whose 
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activity against HIV [Gustafson et al., 1989], other viral diseases [H. Wang et al., 2007], and 
cancer [Maeda et al., 2008; Hossain et al., 2005] has been studied.  
 
Figure 3.1: SQDG Molecule [Benning, 1998] 
 Exposure of cells infected with the HIV virus to SQDG has caused a decrease in HIV 
virions [Gustafson et al., 1989].  The effect of SQDG on cells infected with herpes simplex virus 
(HSV) has also been studied by Wang et al. [H. Wang et al., 2007] who report that an excellent 
inhibition of HSV-2, a virus in the herpes subfamily, was found to exist.  It is reported that an 
inhibition of colon cancer was seen in mice fed a combination of SQDG with other polar lipids 
(monogalactosyl diacylglycerol and digalactosyl diacylglycerol) [Maeda et al., 2008]; a similar 
inhibition is reported to exist of DNA polymerases on human colon carcinoma cell, Caco-2, 
which was attributed to SQDG’s long chain fatty acids *Hossain et al, 2005]. 
 
Effect of Culture Conditions on Algal Growth 
Nitrogen-starved, heterotrophic cultures of Chlamydomonas reinhardtii and 
Scenedesmus subspicatus were studied for their lipid production capabilities for biofuel 
purposes and were found to exhibit no significant change in lipid content when compared to 
cultures growing in nitrogen-replete media [Dean et al., 2010].  It was found, additionally, that 
cells growing in low nitrogen media exhibited higher cell volumes, but cells growing in high 
nitrogen media showed higher cell counts.  However, it was found that under the given nitrogen 
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conditions studied, no lipid production efficiency was reached that would be efficient for 
biodiesel production.  This research exemplified the importance of optimization in order to 
achieve a desired algal response [Dean et al., 2010].   
Similarly, Parietochloris incisa was studied under various nitrogen levels alongside 
differing light intensities for its ability to produce arachidonic acid, which is a necessary 
component in successful brain development [Birch et al., 1998].  High ambient light intensity 
and media rich in nitrogen content were found to be the critical balance required for optimum 
acid production achieved per unit volume of culture, with 250 mg/L and 88 mg/L of total fatty 
acid and arachidonic acid content, respectively, due to higher biomass yield [Solovchenko et al., 
2008].  In low light conditions, lower biomass yield was achieved, but a 30% higher content in 
arachidonic acid was observed. 
Conwell (2005) conducted research at Clemson University using mixed cultures of 
freshwater green algae grown at three light intensities in order to assess the combined 
production of SQDG and PG.  It was found in algal cultures analyzed at day 5 of their growth that 
no significant correlation existed between light intensity and their SQDG/PG concentration per 
unit of dry weight, while biomass at day 25 of their growth phase exposed to higher light 
intensity exhibited lower SQDG/PG content per unit of algal dry weight [Conwell, 2005].  At day 
5, low, medium and high light intensity conditions resulted in 0.068, 0.076 and 0.091 mg SQDG 
and PG per mg dry weight, respectively.  At day 25, low, medium and high light intensity yielded 
0.055, 0.022 and 0.016 mg SQDG and PG per mg dry weight, respectively. 
A similar experiment by Archer et al. (2007) describes the fed-batch growth 
characteristics and sulfolipid production of the cyanobacteria, Anabaena 7120, under four 
different light intensities (66, 88, 120, and 170 µEm2s-1).  It was determined that after 20 days of 
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growth, cultures grown in the reactor at 170 µEm2s-1 exhibited the highest biomass 
concentration (2.5 g/L), while those grown at the lowest light intensity reached the lowest 
concentration (1.24 g/L).  A trend of increasing biomass with increasing light intensity was 
evident.  Additionally, it was observed that after 20 days of growth, light level had no effect on 
sulfolipid production; cultures grown in all reactors appeared to produce between 0.011 and 
0.012 mg sulfolipid/mg dry biomass.  A higher density of biomass in the highest light reactor 
caused a self-shading effect, whereby the effective light within the reactor was similar to the 
lowest light level [Archer et al., 2007]. 
In order to gain a deeper understanding of the chemical relationship among the algal 
phospholipids SQDG and PG and the complex photosynthetic mechanisms by which they are 
regulated within the cell, Sugimoto et al. [Sugimoto et al., 2008] describe an experiment in 
which C. reinhardtii was grown in sulfur-starved media.  In the sulfur-starved conditions, the 
researchers observed a significant decrease in SQDG levels within the thylakoid membrane of 
the cells (0.5 ± 0.4 mol%), compared to cultures that were grown in sulfur-rich media (7.9 ± 1.9 
mol%).  This suggests that SQDG was used as a sulfur source.  Additionally, it is reported that a 
similar increase in PG occurred, suggesting a reorganization within the thylakoid in order to 
balance the negative charge within the membrane since both lipids are acidic.  The increase in 
PG is also indicative that it is a key player in the maintenance of Photosystem I activity 
[Sugimoto et al., 2008].   
 
SQDG Determination 
 In recent literature, several methods for the extraction and detection of SQDG have 
been described.   Many extraction procedures are largely based on the liquid-liquid extraction 
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techniques established by Bligh and Dyer, in which a system of chloroform, methanol, and water 
isolate the total lipids from biological sources [Bligh and Dyer, 1959].  Keeping the proportion of 
the three solvents constant (1:2:0.8, respectively, before dilution of the source, and 2:2:1.8, 
respectively, after dilution), a bi-phasic system is formed whereby the lipids are dissolved in the 
chloroform layer [Bligh and Dyer, 1959].  Once the total lipids are obtained, a variety of methods 
are presented that describe the isolation of phospholipids, and specifically SQDG, from the total 
lipids. 
 Algal lipids were  separated by Sato et al. using two-dimensional  thin layer 
chromatography and detection with iodine vapor.  The spots were derivatized to fatty acid 
methyl esters and analyzed by gas chromatography.  The SQDG was quantified by the amount of 
fatty acids detected by the GC [Sato, Tsuzuki, et al., 1995].  TLC was similarly used by Archer et 
al., who used photodensitometric scanning techniques to further quantify the SQDG that 
adhered to the silica plates [Archer et al., 2007]. 
Alternatively, Norman et al. separated the lipids obtained by Bligh and Dyer extraction 
of spinach into neutral, galactolipids, and phospholipids, with solid phase extraction through 
silica cartridges [Norman et al., 1996].  SQDG, which eluted in the phospholipid fraction, was 
analyzed via HPLC using heptane-isopropanol-0.001 M KCl (40:52:8, v/v/v) as a mobile phase 
and a normal phase silica column.  A reverse phase C18 column was used for HPLC analysis of 
the SQDG molecular constituents, which revealed multiple peaks as a result of multiple SQDG 
structures.  Yields of 0.00018 mg SQDG/mg fresh spinach weight were reported [Norman et al., 
1996].   
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Experimental Methods 
Algal Culture and Sampling Techniques 
 Mixed cultures of freshwater algae were collected from Clemson University’s 
aquaculture ponds and were grown in four pre-culture reactors made of 4L open serum bottles 
containing 0, 25, 50 or 100% of the suggested inorganic carbon content of a modified ATCC 
media 616 Medium BG-11 [www.atcc.org] (Table 3.1).   
Table 3.1: Modified 616 Medium BG-11 
Chemical Amount 
NaNO3 1.5 g 
K2HPO4 0.04 g 
MgSO4 7H2O 0.075 g 
CaCl2 2H2O 0.036 g 
Citric Acid 6.0 mg 
Ferric Ammonium Citrate 6.0 mg 
EDTA 1.0 mg 
Na2CO3 0.2 g* 
Trace Metal Mix A5 1.0 mL 
Deionized Water 1.0 L 
Trace Metal Mix A5 
H3BO3 2.86 g 
MnCl2 4H2O 1.81 g 
ZnSO4 7H2O 0.222 g 
Na2MoO4 2H2O 0.39 g 
CuSO4 5H2O 0.079 g 
Co(NO3)2 6H2O 49.4 mg 
Deionized Water 1.0 L 
*0, 0.05, 0.1 and 0.2g Na2CO3 was added to Reactors 0, 25, 50 and 100, respectively 
 
Because Na2CO3 addition impacts pH, the pH of the media was adjusted to 10.3 using 1N 
NaOH prior to inoculation.  These pre-culture reactors were placed in an environmental 
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chamber at 25°C and light level of 150 µEm2s-1.  Each reactor was stirred continuously with 
magnetic stir bars at 200 rpm. 
 After 18 days, the cells were moved from their respective reactors and placed at equal 
mass into new experimental reactors with adjusted initial pH of 10.3 and the same respective 
media carbon contents.  In order to achieve equal concentrations in all reactors, 2% of the 
highest dry weight found in a pre-culture reactor was used to inoculate the same mass of 
biomass into each new reactor.  Cultures were maintained in the same conditions (pH, light and 
temperature) as pre-cultures.   
 Duplicate samples were removed from each reactor once every 3 to 4 days and analyzed 
for optical density (OD) at 750 nm, total suspended solids (TSS), alkalinity and total inorganic 
carbon (TIC).  In addition, two 40-mL samples were frozen for later extraction, separation and 
subsequent lipid analysis.   
 Two 25-mL algal samples were vacuum filtered through 0.2 µm Whatman filter paper 
for TSS analysis as per Standard Methods 2540D [APHA, 1995].   
 Each duplicate 25-mL filtrate obtained from the total suspended solids step was 
analyzed for alkalinity as per Standard Methods 2320B [APHA, 1995].  Initial pH of each sample 
was recorded, and titrations with 0.02 or 0.2 N H2SO4 were carried out to an endpoint pH of 4.5.  
This process was completed shortly after filtration in order to minimize carbon exchange with 
the environment. 
  Using the measured value for alkalinity and pH and the established equilibrium 
relationships for modeling closed systems [Stumm and Morgan, 1996], TIC was calculated for 
each of the two 25-mL sample filtrates collected  (equations 3.2-3.4) [Stumm and Morgan, 
1996]: 
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where K1 represents the first equilibrium constant for the dissociation of carbonic acid, or 10
-6.3, 
and K2 represents the second equilibrium constant for the dissociation of bicarbonate, or 10
-10.25, 
and CT represents total inorganic carbon (mol/L C).  Both are representative of equilibrium at 1 
atmosphere pressure and 25°C.   
 The Monod model was used to describe algal growth as a function of carbon content 
using measured TSS values for algal biomass and mean TIC values for substrate (equation 3.5), 
                                                                            
     
     
                                                                        (3.5) 
where µmax is the maximum specific growth rate (hr
-1), S is the total inorganic carbon (mol/L C), 
Ks is the half-saturation constant for inorganic carbon limited growth (mol/L C) and µ is the 
maximum specific growth rate (hr-1). 
 The model was linearized and graphed using the Lineweaver –Burk method [Grady et al., 
1999] and the values of µmax and Ks were calculated (equations 3.6 and 3.7). 
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Lipid Extraction and Determination 
 Frozen samples containing 40 mL of algal culture were thawed in a warm water bath.  
Extraction of lipids from the biomass was carried out using modified Bligh and Dyer liquid-liquid 
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extraction technique [Bligh and Dyer, 1959] used in Conwell [Conwell, 2005], with modification 
of increased culture volume used for extraction.  Dried lipids were redissolved in 4 mL of 
chloroform and split among four HPLC vials (1 mL of chloroform/lipid mixture in each) for later 
solid-phase extraction (subsample A),  thin layer chromatography separation (subsample B), 
total lipid weight determination (subsample C) and one reserve sample (subsample D) (Figure 
3.2).   
 
Figure 3.2: Procedural Flow Chart for Extraction and Analysis 
 Subsample A was further separated using solid phase extraction, yielding neutral lipids, 
galactolipids, and phospholipids, as outlined in Norman et al. (1996).  Cartridges were washed 
with methanol, methylene chloride, and chloroform.  The full contents (1 mL) of the HPLC vial 
with lipid sample was poured into the silica cartridges.  Neutral, galactolipids, and phospholipids 
were separately eluted using 2 mL of chloroform, 93:7 methylene chloride:methanol, and 
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methanol, respectively.  The phospholipid fraction was collected in the methanol solvent and 
dried under N2 gas.  The dried, separated phospholipid fraction was redissolved in 1 mL of 
heptane:isopropanol (60:40, v/v), and the neutral and galactolipid fractions were discarded. 
The phospholipid fraction obtained from the solid-phase extraction was further 
analyzed by HPLC in order to quantify SQDG content.  A Hewlett-Packard 5890 HPLC (Agilent 
Technologies) equipped with a diode array detector (208 nm) and an Alltech Alltima 5 µm silica 
column, 150 mm x 10 mm, was used for analysis.  A mobile phase flow rate of 1.2 mL/min was 
used, and 150 µL samples were injected in duplicate.  The mobile phase consisted of 
methanol:water:acetic acid with 0.3% triethylamine (90:9:1, v/v) (solvent A) and isopropanol 
(solvent B) for the first investigation, based on Yunoki et al (2009).  In a subsequent post 
investigation a 3 micron Agilent Eclipse Plus C18 column (4.6 x 150 mm) and a mobile phase 
consisting of either acetonitrile:water:phosphoric acid (90:9:0.5, v/v/v) (solvent A) or 
isopropanol (solvent B) were used.  The gradient solvent systems are outlined in Table 3.2.  For 
the post investigation, single 150 µL samples were injected and a flow rate of 0.6 mL/min was 
employed. 
Table 3.2: HPLC Gradient Time Table 
Primary Investigation Post Investigation 
Time (min) % A % B Time (min) % A % B 
0 30 70 0 75 25 
2 30 70 12 40 60 
6 30 70 12.10 75 25 
8 50 50 15 75 25 
15 100 0    
17 100 0    
18 30 70    
25 30 70    
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 SQDG and PG peaks in experimental samples were identified by comparing retention 
times to an SQDG and PG standard.  The concentration of SQDG was calculated for each sample 
by comparison to an SQDG standard curve. 
 Subsample B was further analyzed using thin layer chromatography, following Conwell  
[Conwell, 2005].  A 20 cm x 20 cm silica gel plate (EMD Chemicals, Inc.) was dried for 45 minutes 
in a 90° C oven, and a glass TLC chamber was lined with paper towels.  One hundred mL of 
chloroform:methanol:acetone:glacial acetic acid:deionized water (50:10:20:15:5, v/v/v/v/v) was 
poured into the tank.  The lined tank was left to equilibrate and fully saturate.   
The TLC plate was spotted along a straight line with 150 µL aliquots of each lipid sample.  
Additionally, 150 µL aliquots of SQDG standard and PG standard (Lipid Products, UK) were 
dotted onto the TLC plate.  The plate was run in the sealed TLC chamber for 75 minutes and 
removed to dry in a fume hood.   
As a viewing agent, a mixture of 0.05% Primulin in acetone:deionized water (80:20, v/v) 
was sprayed onto the plate and allowed to dry [www.cyberlipid.org].  Using a UV light at 365 
nm, the SQDG spots of the lipid samples were viewed, and the retention factor (Rf) was 
calculated to be the distance the spot traveled with respect to the solvent front.  SQDG spots 
were scraped from the plate.  The SQDG/silica powder scrapings from each lipid sample were 
placed in centrifuge tubes and resuspended in 2 mL chloroform:methanol (1:2, v/v).  The tubes 
were vortexed and centrifuged at 189 g for 5 minutes.  The supernatant containing the dissolved 
SQDG from each tube was collected and dried completely using nitrogen gas.  The dried sample 
was resuspended in 350 µL of HPLC-grade isopropanol.  These samples were frozen for reserve. 
 Lipid subsample C was used for total lipid weight determination.  VWR aluminum dishes 
(8 mL) were washed in chloroform and placed in an oven at 50°C for 60 minutes to dry.  After 
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drying, the dishes were weighed.  Two 400 µL aliquots of lipid sample were pipetted into dishes 
and dried at 50°C for 30 minutes.  Once dry, each dish was weighed once more.  The difference 
between the pre-sample weight of the dish and post-sample weight represented the weight of 
the total lipids in each 400 µL aliquot.   
 
Results and Discussion 
Algal Species Identification 
 After observation of samples under a microscope, the culture was determined to be 
primarily the blue-green algae, Oscillatoria, which can be seen in Figure 3.3.  Growth in Reactor 
0 is represented by quadrant A, Reactor 25 in quadrant B, Reactor 50 in C, and Reactor 100 in D. 
 
Figure 3.3: Oscillatoria Grown in All Four Reactors 
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Algal Growth Trends 
 Data (Table B.4) were used to construct plots illustrating the change of alkalinity with 
time in all reactors (Figure 3.4).   The figure illustrates the steady increase in alkalinity.  This is 
due to the uptake of NO3
- included in the medium as a nitrogen source by the cells during their 
growth [Brewer and Goldman, 1976].  
 
Figure 3.4: Alkalinity versus Time  
A trend of initially increasing pH, then decreasing pH, with time was observed for all 
treatments (Figure 3.5).  The increase in pH between the hours of 0 and 100 may be attributed 
to the rate of algal uptake of CO2 during the growth phase being higher than that of diffusion of 
CO2 into the open reactors.  When the pH decreases, the CO2’s diffusion into the media is a 
more rapid process than that of algal CO2 assimilation and causes the accumulation of carbonic 
acid, thus lowering the pH. 
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Figure 3.5: pH versus Time  
Additionally, an initial decrease in TIC is observed from hour 0 to roughly 100 hours into 
the growth (Figure 3.6), as a result of the consumption of carbon in the media by the biomass.  
The subsequent increase from hour 100 until the end of the experiment may be a result of 
decreased carbon capture while growth slowed, and the continuous diffusion of CO2 into the 
reactor during this time, causing carbon increase within the media.  The data associated with 
Figure 3.6 can be found in Table B.3.  The graph indicates that CO2 capture by open algal 
cultures occurs over a fairly wide range of initial TIC.  Final TIC values for each treatment were 
30-100% greater than initial values. 
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Figure 3.6: Total Inorganic Carbon versus Time (n=2) 
Plots of optical density and biomass versus time elapsed indicate a trend of increasing 
OD and biomass with time for all treatments (Figures 3.7-3.8), although variability in OD was 
noted due to clumping of algal cells.  The data associated with Figures 3.7-3.8 can be found in 
Table B.1 of the Appendices: 
 
Figure 3.7: Optical Density versus Time 
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Figure 3.8: Biomass versus Time (n=2) 
 The biomass grew steadily throughout the course of the experiment, achieving no decay 
phase due to diffusion of CO2 into the media.  In this open algal culture experiment, the impact 
of media TIC is ambiguous.  In all reactors, biomass increased with time, but the final algal 
biomass concentration was not clearly related to TIC content.  Large variation in duplicate dry 
weight measurements were found, due to clumping of algal biomass.   
The biomass dry weights obtained in Reactor 100 for hour 0, 98 and 592 (48, 176 and 
300 mg/L, respectively) were compared to the hour 24, 120 and 600 dry weights obtained by 
Conwell in Reactor 6 at 152 µEm-2s-1 (58, 427 and 1356.5 mg/L, respectively) [Conwell, 2005].  
While it appeared that both dry weight data are similar in magnitude at the initial start of 
growth, the day 5 and 25 measurements of the Conwell experiment are significantly larger than 
those achieved in this experiment.  Since light level and initial media inorganic carbon level  
were the same between both experiments, the variation may have been caused by the 
continuous sparging of air (containing CO2) through the reactors in the Conwell experiment as 
well as by the growth of Oscillatoria in this experiment.   
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Algal Growth Parameter Determination  
In order to determine the algal growth parameters, graphs were constructed of the 
natural log of biomass versus time during the first growth phase, which can be seen in Figure 
3.9.   
 
Figure 3.9: Natural Log of Biomass versus Time  
Two distinct growth phases occurred in each of the reactors.  The first growth phase 
appears to be rapid; the second occurs after 300 hours have elapsed.   The slopes of the data 
(Figures 3.9) were obtained between 0 and 98 hours in order to determine the specific growth 
rates in each reactor (Table 3.3). 
Table 3.3: Specific Growth Rates  
Treatment 
(% TIC) 
Run 3 Specific Growth Rate 
(µ, hr-1) 
0 0.0072 
25 0.0116 
50 0.0117 
100 0.0133 
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A positive correlation was seen between the specific growth rate and the media inorganic 
carbon content.  Figure D.1 of the Appendix illustrates the relationship between the average TIC 
measured during the first observed growth phase and the specific growth rates achieved.
 In order to determine the Monod kinetic parameters, a Lineweaver-Burk plot was 
constructed (Figure 3.10). 
 
Figure 3.10: Lineweaver-Burk Plot for Determination of Growth Parameters 
Using the equation obtained for the trendline in the Lineweaver-Burk plot, as well as equations 
3.6 and 3.7, values for Ks and µmax were calculated to be 0.00215 mol/L C and 0.025 hr
-1, 
respectively. 
 The value obtained for maximum specific growth rate (µmax) was compared to the value 
reported by Conwell [Conwell, 2005].  It was found that the Monod parameter was less than 
that calculated by Conwell, whose µmax was reported to be 0.0377 hr
-1.  
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Lipid Separation by Thin Layer Chromatography 
 Through the separatory technique of thin layer chromatography, it was observed that 
the SQDG standard contained both SQDG and PG, as compared to the PG standard.  The Rf of 
the less polar PG was approximately 0.47, while the Rf of the more polar SQDG was 
approximately 0.35.  It was confirmed that all experimental samples contained SQDG and PG, as 
well as at least 3 additional lipids that were not identified at this time.  Figure 3.11 illustrates the 
TLC separation of one sample alongside an SQDG and PG standard, where A represents the PG 
in the SQDG standard, B represents the SQDG in the SQDG standard, C is the PG in the 
experimental sample, D is the SQDG in the experimental sample, E is the PG in the PG standard, 
and F is a visible, unidentified lipid separated from the experimental sample. 
 
Figure 3.11: TLC Separation of Sample and Standards 
 
Total Lipid Content Determination 
Total lipid concentrations per mL of algal culture were calculated from total lipid 
weights.  The data exhibit large variability and standard deviations.  The graphs of average total 
62 
 
lipid concentrations for all reactors exhibit a general positive correlation with time (Figure 3.12).  
Reactor 100 reached the highest total lipid concentration of roughly 40 µg/mL culture.   
 
Figure 3.12: Total Lipid Concentrations versus Time for All Reactors (n=4) 
ANOVA proc glm was performed in Statistical Analytical Software (SAS) to determine 
whether initial TIC levels and time elapsed in reactors affected the concentration of total lipids 
in the biomass (Table 3.4).  At a 95% confidence interval, it was confirmed that time and the 
amount of initial TIC present in each reactor did significantly affect the concentration of total 
lipids.  The data suggest that higher initial TIC leads to higher total lipid content within the cells. 
Table 3.4: ANOVA-Effect of Initial TIC and Time on Total Lipid Concentration  
Independent 
Variable 
DF Type I SS 
Mean 
Square 
F Value Pr > F 
Initial TIC 1 178.95 178.95 4.34 0.0396 
Time 1 4830.25 4830.25 117.15 <0.0001 
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SQDG Concentration Determination 
Phospholipid fractions were analyzed by HPLC.  The SQDG standard eluted from the 
normal-phase HPLC column at an average time of 12.8 minutes (Figure 3.13), while the PG had a 
retention time around 16.3 minutes (Figure 3.15).  A solvent blank was run, and the resulting 
chromatogram was subtracted from all standards and samples.  The SQDG standard curve 
(Figure 3.14) was used to determine sample SQDG content.   All chromatograms obtained from 
samples can be found in Appendix C. 
 
Figure 3.13:  SQDG Standard, 0.05 mg/mL Chromatogram 
 
Figure 3.14: SQDG Standard Curve 
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Figure 3.15: PG Standard, 0.05 mg/mL Chromatogram 
 
Figure 3.16: Phospholipid Fraction from 0 hr Sample, Reactor 100 
 Average mg SQDG/mL culture for duplicate samples in all reactors show a general trend 
of unchanging SQDG concentration with time (Figure 3.17, Table B.7).   
 
Figure 3.17: Concentration of SQDG per mL Culture (n=4) 
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The final value achieved at the end of the experiment does not appear to exceed the initially 
calculated value by any significant amount.  This trend of generally unchanged SQDG 
concentration per mL of culture mirrors the data of Conwell, who reported a generally 
unchanging concentration of SQDG in algal cultures grown at 150 µEm-2s-1 in a time frame of 20 
days [Conwell, 2005].   
At the 95% confidence interval, neither the amount of initial TIC present in each reactor 
nor time had a statistically significant effect on SQDG concentration per mL of culture (Table 
3.5). 
Table 3.5: ANOVA-Effect of Initial TIC and Time on SQDG per mL Culture  
Independent 
Variable 
DF Type I SS 
Mean 
Square 
F Value Pr > F 
Initial TIC 1 1.64 x 10-7 1.64 x 10-7 0.40 0.53 
Time 1 1.21 x 10-6 1.21 x 10-6 2.94 0.09 
 
 Figure 3.18 illustrates the average mg SQDG/mg dry weight biomass achieved between 
each duplicate sample in all reactors.  The concentration of SQDG per dry weight dropped 
significantly as time elapsed.  The graph also illustrates that, at the final time point, Reactors 0 
and 100 reached the same SQDG/mg dry weight concentration of 0.006 mg SQDG/mg dry 
weight.  This value is lower than that achieved by Archer et al. who reported a yield of roughly 
0.012 mg SQDG/mg dry weight after 20 days of growth [Archer et al., 2007]. 
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Figure 3.18: Concentration of SQDG per mg Dry Biomass (n=4) 
 The concentration of SQDG per mg biomass dry weight did not vary as a function of 
initial TIC but did vary as a function of time (Table 3.6). 
Table 3.6: ANOVA-Effect of Initial TIC and Time on SQDG per mg Dry Biomass  
Independent 
Variable 
DF Type I SS 
Mean 
Square 
F Value Pr > F 
Initial TIC 1 3.17 x 10-6 3.17 x 10-6 0.04 0.8462 
Time 1 0.0044 0.0044 52.48 <0.0001 
  
SQDG was calculated as a percent of total lipids, and the results are illustrated in Figure 
3.19.  A trend of decrease in SQDG as a percent of total lipids is evident. 
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Figure 3.19: Percentage of SQDG in Total Lipids  
 At 95% confidence, initial TIC did not have a statistically significant effect on the 
percentage, but time was significant (Table 3.7). 
Table 3.7: ANOVA-Effect of Initial TIC and Time on % SQDG in Total Lipids  
Independent 
Variable 
DF Type I SS 
Mean 
Square 
F Value Pr > F 
Initial TIC 1 25.08 25.08 0.40 0.53 
Time 1 1150.50 1150.50 18.29 <0.0001 
 
Post Investigation into Early Growth 
 Cultures were moved into new reactors containing the same media and samples were 
analyzed every 24 hours for the first 5 days of growth.  As seen in Figure 3.20, dry weight 
increases steadily with time, with Reactor 0 reaching the highest dry weight by day 5 (Table 
B.11).   
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Figure 3.20: Biomass versus Time, Post Investigation (n=2) 
A subsequent graph of the natural log of biomass versus time was created (Figure 3.21), 
from which new specific growth rates were determined (Table 3.8).  A generally positive 
correlation between treatment and specific growth rate was observed; however, Reactor 100 
was an outlier from this trend. 
 
Figure 3.21: Natural Log of Biomass versus Time, Post Investigation (n=2) 
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Table 3.8: Post-Investigation Specific Growth Rates 
Treatment 
(% TIC) 
Run 3 Specific Growth Rate 
(µ, hr-1) 
0 0.0091 
25 0.0104 
50 0.0119 
100 0.0113 
 
A Lineweaver-Burk Plot was constructed from the post-investigation 5 day data in order 
to determine the specific growth rate for the cultures, and μmax and ks were found to be 0.013 
hr-1 and 0.0001 mol/L C, respectively.  These values are lower than those of the primary 
experimental cultures. 
Additionally, these cultures were analyzed for SQDG production via HPLC in order to 
further investigate the noteworthy, sudden decrease from hour 0 to hour 100 as seen in Figure 
3.18.  The graphed results of the 5 day trial are provided in Figure 3.22, and associated data can 
be found in Table B.12.  A series of dilutions of the SQDG standard was prepared and the 
resulting standard curve and chromatograms are presented in Figures D.2 and C.57-62, 
respectively.  For the post experiment SQDG evaluation, the SQDG standard eluted from the 
reverse phase column in multiple peaks between 4 and 9 minutes.   
The same decrease in concentration of SQDG per mg dry biomass is observed across 5 
days in all reactors as was seen previously, which confirms that this surprising decrease was not 
an anomaly (Figures C.57-76).   
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Figure 3.22: Concentration of SQDG per mg Dry Biomass versus Time, 5 Days (n=1) 
 
Conclusion 
 By growing Oscillatoria in four reactors containing 0, 25, 50 or 100% of the 
recommended inorganic carbon content of the modified ATCC medium BG-11, multiple 
conclusions were drawn about the subsequent algal kinetics observed as well as the associated 
production of the lipid, sulfoquinovosyl diacylglycerol (SQDG).   It was confirmed in this 
experiment that algal biomass is capable of taking up atmospheric CO2 over a wide range of 
initial TIC contents and using it to form more biomass by observing the trend of growth and 
carbon content.   
By quantifying the algal production of lipids and, specifically, SQDG, it was seen that as 
time elapsed in all reactors, total lipids accumulation increased steadily, but the amount of 
SQDG per mg of biomass decreased.  The amount of initially present TIC in each reactor did not 
significantly affect the concentration of SQDG per unit biomass, but was significant in the 
accumulation of total lipids.  A higher initial TIC appeared to increase total lipid content. 
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This determination may be useful in the industrial scale production of freshwater algae 
for this high-value product attainment.  It may be assumed that algae can grow in any high or 
low-carbon environment, such as a treatment pond, and no additional carbon provisions need 
to be made in order to produce the SQDG. 
Values obtained in this experiment may suggest the financial benefit of using algae 
grown with no additional carbon except that which diffuses into the culture from the ambient 
air.  Reactor 0 attained a biomass dry weight of 272 mg/L and 0.006534 mg SQDG/mg biomass 
at the end of 592 hours of growth.  Assuming 592 hours of growth in a treatment pond of one 
hectare surface area, and 0.5 m depth, theoretical algal solids could reach up to 1,360 kg, and 
from this, 8.9 kg of SQDG can be harvested.  Assuming that the current value of 25 mg of 
analytical-grade SQDG is approximately $100 (Lipid Products), the harvest of SQDG from this 
pond would be worth upwards of $35.5 M.   
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CHAPTER FOUR 
SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK 
 
Experimental Summary 
Mixed cultures of freshwater algae were grown in four experimental reactors each 
containing either 0, 25, 50 or 100% of the recommended carbon source in a modified ATCC 
medium BG-11.  All reactors were grown at 150 µEm-2s-1 and maintained in an environmental 
chamber at 25°C.   
Growth of the Oscillatoria cultures were modeled using single-limiting substrate Monod 
kinetics and achieved specific growth rates of 0.0072, 0.00116, 0.00117 and 0.00133 hr-1 in 
Reactors 0, 25, 50 and 100, respectively.  A trend of increasing specific growth rate with 
increasing initial media inorganic carbon was observed.  The maximum specific growth rate 
(µmax) and half-saturation constant (KS) were determined to be 0.025 hr
-1 and 0.00215 mol/L C 
from Lineweaver-Burk linearization plots, respectively. 
A trend of increasing biomass with time was evident in all reactors.  Reactor 25 reached 
the highest biomass dry weight concentration at the end of 592 hours of growth at 394 mg/L.  
Additionally, all reactors exhibited a trend of increasing alkalinity with time, due to the uptake of 
NO3
- as a nitrogen source during algal growth, as well as increasing TIC with time. 
Total lipid and SQDG concentrations were determined for algal cultures across all time-
points in each reactor.  Through the use of HPLC, the SQDG was quantified based on standards 
obtained from Lipid Products.  A more substantial separation of sample SQDG and PG peaks 
than seen in previous research [Conwell, 2005] was achieved with the use of a gradient solvent 
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system consisting of methanol:water:acetic acid with 0.3% triethylamine (90:9:1,v/v) and 
isopropanol. 
Analysis of variance was performed in order to determine the effect of TIC initially 
present in the reactors on the concentration of algal total lipids.  At a 95% confidence interval, 
the concentration of total lipids was significantly affected by initial TIC, exhibiting a trend of 
increasing total lipids with increasing initial TIC.  It was observed that total lipid concentrations 
increased with time in each reactor.  Reactor 100 reached the highest concentration of total 
lipids at the end of 592 hours of growth (431.25 µg total lipids/mL culture). 
The effect of initial TIC within the reactors on the concentration of SQDG per mg dry 
biomass as well as per mL culture was determined through ANOVA.  At a 95% confidence 
interval, initial TIC did not statistically affect the concentration of SQDG.  Algal biomass 
appeared to achieve the same concentration of SQDG/mg biomass by the end of 592 hours, 
regardless of initial TIC content.  However, it was seen through ANOVA (α=0.05) as well as 
graphically that increasing time did affect SQDG/mg biomass concentration by lowering it 
significantly.  By graphing the concentration of SQDG/mL culture against time, no conclusive 
trend is evident. 
A brief post-experiment was conducted with cultures moved into new reactors and 
grown for 5 days in order to more closely characterize the behavior of the lipids in that time 
frame.  In performing this post-experiment, it was confirmed that the unexpected and 
mysterious drop was not an anomaly, but a repeatable, albeit puzzling, trend. 
As a result of conducting this experiment, it can be seen that initially present TIC does 
not appear to affect the amount of SQDG.  Even though SQDG per dry biomass appears to 
decrease in all reactors with time, this information may assist in the scale-up of similar reactors 
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in industry for the production of the high-valued SQDG.  Rather than designing vessels based on 
retention time needed for highest SQDG production or for carbon needs, the design can be 
based instead on other factors such as desired final biomass concentration (for use in other 
downstream processes) since the SQDG produced appears to remain unchanged after only 
several days of growth, regardless of initial carbon content. 
 
 
Recommendations for Future Work 
 To achieve more precise measurements obtained for total lipid concentrations, as well 
as for more substantial SQDG peaks on HPLC chromatograms, a more concentrated total lipid 
sample should be used for analysis.  Rather than saving two separate 40 mL algal samples from 
each reactor at each time point for extraction, four separate 40 mL algal samples should be 
frozen for extraction.  If this is done, prior to redissolving the total lipids in 4 mL chloroform, two 
samples should be combined into one, then redissolved.  This would yield two duplicates of 
more concentrated sample as compared to what was used in these experiments.   
 To further improve the HPLC detection of SQDG, an evaporative light scattering detector 
could be used, instead of UV, in order to increase the sensitivity of SQDG detection 
(www2.shimadzu.com).  It would also be beneficial to account for any SQDG losses that may 
occur during the extraction processes.  This could be done by taking an algal culture sample, 
splitting it into subsamples and spiking one with a given mass of SQDG.  Both subsamples could 
then be extracted and analyzed as per the given procedures, and the resulting HPLC 
quantification of SQDG present in both subsamples would indicate how much of the original 
SQDG spike sample was recovered at the end.   
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A separate experiment could also evaluate the possible losses of SQDG in the solid 
phase extraction step.  Liquid-liquid extraction could be performed on an algal sample with a 
known, spiked amount of SQDG and the resulting concentrated total lipid sample analyzed via 
HPLC, quantifying the SQDG at this step.  This same total lipid sample could then be solid-phase 
extracted and the resulting phospholipid fraction analyzed via HPLC.  This would indicate 
whether SQDG losses were occurring after performance of solid phase extraction. 
 The use of gas chromatography might also improve the detection and quantification of 
algal SQDG, as they are generally understood to be more sensitive than liquid chromatography 
techniques.  To use gas chromatography, TLC could be used to separate the SQDG from the algal 
total lipid samples.  The SQDG from the plate could be derivatized into fatty acid methyl esters, 
and analyzed such that the fatty acid tails of the SQDG could be quantified.  This procedure, 
however, is limited to quantifying only the fatty acid tails, and does not quantify the SQDG itself. 
 To further investigate the algal production of SQDG or other high-value compounds, 
media simulating waste streams with highly concentrated ammonia, organics, or extreme pH 
can be used to determine the efficacy of the algae’s mitigation of these constituents in 
wastewater and the effects these might have on the SQDG production.   
 Instead of growing the cultures in batch conditions, future work might include the use of 
a continuously stirred tank reactor for algal growth.  Results would help to further optimize the 
conditions in which algae produce the highest concentrations of high-value products. 
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APPENDIX A 
 
EXPERIMENTAL SAMPLING SCHEDULE 
 
Table A.1: Sampling Schedule Employed for Reactors 0, 25, 50 and 100 
Day 
OD  
(10 mL) 
TSS 
(25 mL) 
Alkalinity 
Total 
Inorganic  
Carbon 
Culture Freeze 
(40 mL) 
Total Volume  
Removed 
(mL) 
0      140 
1        
2        
3        
4      140 
5        
6        
7        
8        
9      140 
10        
11        
12        
13        
14      140 
15        
16      140 
17        
18        
19        
20      140 
21        
22        
23        
24        
25      140 
82 
 
APPENDIX B 
 
RAW DATA 
 
Table B.1: Dry Weight and O.D. Measurements 
Reactor 
Time  
Elapsed 
(hrs) 
Sample 1  
Dry Weight 
(mg/L) 
Sample 2  
Dry Weight 
(mg/L) 
Average  
Dry Weight 
(mg/L) 
Standard 
Deviation 
in Dry 
Weights 
O.D. 
0 
0 66 50 58 11.31 0.165 
98 106 130 118 16.97 0.15 
217.75 156 172 164 11.31 0.185 
337.75 290 274 282 11.31 0.333 
386 222 230 226 5.66 0.365 
474.5 248 268 258 14.14 0.337 
592 280 264 272 11.31 0.4 
25 
0 42 54 48 8.49 0.2 
98 158 142 150 11.31 0.162 
217.75 204 204 204 0.00 0.275 
337.75 214 202 208 8.49 0.315 
386 250 262 256 8.49 0.34 
474.5 328 392 360 45.25 0.368 
592 392 396 394 2.83 0.477 
50 
0 46 42 44 2.83 0.15 
98 134 142 138 5.66 0.155 
217.75 180 180 180 0.00 0.268 
337.75 202 186 194 11.31 0.348 
386 230 230 230 0.00 0.32 
474.5 276 296 286 14.14 0.42 
592 358 334 346 16.97 0.43 
100 
0 50 46 48 2.83 0.24 
98 190 162 176 19.80 0.247 
217.75 180 180 180 0.00 0.28 
337.75 202 218 210 11.31 0.43 
386 238 242 240 2.83 0.48 
474.5 244 276 260 22.63 0.535 
592 282 318 300 25.46 0.665 
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Table B.2: pH Measurements 
Reactor 
Time  
Elapsed 
(hrs) 
Sample 
1 
pH 
Sample 
2 
pH 
Average 
pH 
Standard 
Deviation 
in pH 
0 
0 10.23 9.93 10.08 0.21 
98 10.57 10.5 10.54 0.05 
217.75 10.7 10.59 10.65 0.08 
337.75 10.77 10.81 10.79 0.03 
386 10.7 10.72 10.71 0.01 
474.5 10.67 10.59 10.63 0.06 
592 10.82 10.78 10.80 0.03 
25 
0 10.1 10.04 10.07 0.04 
98 10.86 10.84 10.85 0.01 
217.75 10.81 10.8 10.81 0.01 
337.75 11 10.97 10.99 0.02 
386 10.96 10.92 10.94 0.03 
474.5 10.94 10.89 10.92 0.04 
592 10.9 10.86 10.88 0.03 
50 
0 10.19 10.18 10.19 0.01 
98 11.04 11.02 11.03 0.01 
217.75 10.85 10.81 10.83 0.03 
337.75 10.98 10.94 10.96 0.03 
386 10.94 10.93 10.94 0.01 
474.5 10.79 10.76 10.78 0.02 
592 10.81 10.76 10.79 0.04 
100 
0 10.17 9.92 10.05 0.18 
98 10.83 10.76 10.80 0.05 
217.75 10.58 10.5 10.54 0.06 
337.75 10.6 10.54 10.57 0.04 
386 10.39 10.41 10.40 0.01 
474.5 10.27 10.32 10.30 0.04 
592 10.2 10.12 10.16 0.06 
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Table B.3: Total Inorganic Carbon Measurements 
Reactor 
Time  
Elapsed 
(hrs) 
Sample 1 
Total Inorganic 
Carbon 
(mol/L C) 
Sample 2 
Total Inorganic 
Carbon 
(mol/L C) 
Average TIC 
Between 1 
& 2 
(mol/L C) 
Standard 
Deviation 
in TIC 
0 
0 0.001122 0.001416 0.001269 0.0002079 
98   0.000783 0.000783   
217.75 0.000747 0.001003 0.000875 0.0001810 
337.75 0.000889 0.000916 0.0009025 0.0000191 
386   0.001119 0.001119   
474.5 0.001607 0.001607 0.001607 0.0000000 
592 0.001756 0.001759 0.0017575 0.0000021 
25 
0 0.001608 0.001658 0.001633 0.0000354 
98 0.000841 0.000974 0.0009075 0.0000940 
217.75 0.001207 0.001241 0.001224 0.0000240 
337.75 0.001255 0.001319 0.001287 0.0000453 
386 0.001355 0.001452 0.0014035 0.0000686 
474.5 0.001797 0.001844 0.0018205 0.0000332 
592 0.002329   0.002329   
50 
0 0.002351 0.002308 0.0023295 0.0000304 
98 0.001238 0.001269 0.0012535 0.0000219 
217.75 0.001785 0.001835 0.00181 0.0000354 
337.75 0.001978 0.001753 0.0018655 0.0001591 
386 0.002125 0.002161 0.002143 0.0000255 
474.5 0.002535 0.002622 0.0025785 0.0000615 
592 0.002911 0.002985 0.002948 0.0000523 
100 
0 0.003309 0.00385 0.0035795 0.0003825 
98 0.002503 0.002599 0.002551 0.0000679 
217.75 0.003247 0.003368 0.0033075 0.0000856 
337.75 0.00362 0.003765 0.0036925 0.0001025 
386 0.004098 0.004062 0.00408 0.0000255 
474.5 0.004587 0.004539 0.004563 0.0000339 
592 0.004949 0.005294 0.0051215 0.0002440 
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Table B.4: Alkalinity Measurements 
Reactor 
Time  
Elapsed 
(hrs) 
Sample 1 
Alkalinity 
(mol eq/L ) 
Sample 2 
Alkalinity 
(mol eq/L ) 
Average Alk. 
Between 1 & 2 
(mol eq/L ) 
Standard 
Deviation 
in Alkalinity 
0 
0 0.00184 0.00196 0.0019 0.0000849 
98   0.0016 0.0016   
217.75 0.0018 0.00208 0.00194 0.0001980 
337.75 0.00216 0.00228 0.00222 0.0000849 
386   0.00248 0.00248   
474.5 0.00324 0.0032 0.00322 0.0000283 
592 0.0038 0.00372 0.00376 0.0000566 
25 
0 0.0024 0.0024 0.0024 0.0000000 
98 0.00224 0.00244 0.00234 0.0001414 
217.75 0.0028 0.00284 0.00282 0.0000283 
337.75 0.00332 0.00336 0.00334 0.0000283 
386 0.0034 0.00348 0.00344 0.0000566 
474.5 0.00416 0.00412 0.00414 0.0000283 
592 0.00504   0.00504   
50 
0 0.0036 0.00352 0.00356 0.0000566 
98 0.0034 0.0034 0.0034 0.0000000 
217.75 0.00392 0.00392 0.00392 0.0000000 
337.75 0.0046 0.00448 0.00454 0.0000849 
386 0.00476 0.0048 0.00478 0.0000283 
474.5 0.00512 0.0052 0.00516 0.0000566 
592 0.00584 0.00584 0.00584 0.0000000 
100 
0 0.00496 0.00516 0.00506 0.0001414 
98 0.00516 0.00516 0.00516 0.0000000 
217.75 0.00584 0.00584 0.00584 0.0000000 
337.75 0.00652 0.0066 0.00656 0.0000566 
386 0.00672 0.00672 0.00672 0.0000000 
474.5 0.00712 0.00712 0.00712 0.0000000 
592 0.00744 0.00768 0.00756 0.0001697 
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Table B.5: Total Inorganic Carbon Measurements In First Observed Growth Phase 
Reactor 
Time  
Elapsed 
(hrs) 
Sample 1 
Total Inorganic 
Carbon 
(mol/L C) 
Sample 2 
Total Inorganic 
Carbon 
(mol/L C) 
Average 
TIC 
Between 
1 & 2 
(mol/L C) 
Average TIC  
In First Growth 
Phase 
(mol/L C) 
0 
0 0.001122 0.001416 0.001269 
0.001026 
98 Not Obtained 0.000783 0.000783 
25 
0 0.001608 0.001658 0.001633 
0.00127025 
98 0.000841 0.000974 0.0009075 
50 
0 0.002351 0.002308 0.0023295 
0.0017915 
98 0.001238 0.001269 0.0012535 
100 
0 0.003309 0.00385 0.0035795 
0.00306525 
98 0.002503 0.002599 0.002551 
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Table B.6: Total Lipid Concentration per mL Culture 
  
Sample 1 
Reactor 
Time  
Elapsed 
(hrs) 
A 
(µg/mL 
culture) 
B 
(µg/mL 
culture) 
Average 
A & B 
(µg/mL 
culture) 
Std. 
Dev. 
A & B 
Coeff. Of 
Var. 
A & B 
0 
0 15 10 12.5 3.54 28.28 
98 15 17.5 16.25 1.77 10.88 
217.75 17.5 17.5 17.5 0.00 0.00 
337.75 17.5 17.5 17.5 0.00 0.00 
386 25 20 22.5 3.54 15.71 
474.5 37.5 42.5 40 3.54 8.84 
592 25 22.5 23.75 1.77 7.44 
25 
0 5 5 5 0.00 0.00 
98   10       
217.75 17.5 17.5 17.5 0.00 0.00 
337.75 17.5 20 18.75 1.77 9.43 
386 30 35 32.5 3.54 10.88 
474.5 35 40 37.5 3.54 9.43 
592 30 25 27.5 3.54 12.86 
50 
0 2.5 2.5 2.5 0.00 0.00 
98 15 17.5 16.25 1.77 10.88 
217.75 10 10 10 0.00 0.00 
337.75 12.5 17.5 15 3.54 23.57 
386 12.5 22.5 17.5 7.07 40.41 
474.5 27.5 25 26.25 1.77 6.73 
592 22.5 27.5 25 3.54 14.14 
100 
0 2.5 2.5 2.5 0.00 0.00 
98 12.5 15 13.75 1.77 12.86 
217.75 35 40 37.5 3.54 9.43 
337.75 20 25 22.5 3.54 15.71 
386 45 20 32.5 17.68 54.39 
474.5 20 27.5 23.75 5.3 22.33 
592 40 45 42.5 3.54 8.32 
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Table B.6, Continued: Total Lipid Concentration per mL Culture 
  
Sample 2 
Reactor 
Time  
Elapsed 
(hrs) 
A 
(µg/mL 
culture) 
B 
(µg/mL 
culture) 
Average 
A & B 
(µg/mL 
culture) 
Std. 
Dev. 
A & B 
Coeff. Of 
Var. 
A & B 
0 
0 10 2.5 6.25 5.3 84.85 
98 15 12.5 13.75 1.77 12.86 
217.75 27.5 20 23.75 5.3 22.33 
337.75 17.5 20 18.75 1.77 9.43 
386 20 17.5 18.75 1.77 9.43 
474.5 27.5 25 26.25 1.77 6.73 
592 20 25 22.5 3.54 15.71 
25 
0 7.5 7.5 7.5 0.00 0.00 
98 12.5 10 11.25 1.77 15.71 
217.75 15 12.5 13.75 1.77 12.86 
337.75 22.5 20 21.25 1.77 8.32 
386 25 25 25 0.00 0.00 
474.5 17.5 20 18.75 1.77 9.43 
592 25 25 25 0.00 0.00 
50 
0 7.5 17.5 12.5 7.07 56.57 
98 12.5 15 13.75 1.77 12.86 
217.75 17.5 20 18.75 1.77 9.43 
337.75 12.5 15 13.75 1.77 12.86 
386 17.5 12.5 15 3.54 23.57 
474.5 30 27.5 28.75 1.77 6.15 
592 25 22.5 23.75 1.77 7.44 
100 
0 17.5 15 16.25 1.77 10.88 
98 12.5 15 13.75 1.77 12.86 
217.75 17.5 17.5 17.5 0.00 0.00 
337.75 20 20 20 0.00 0.00 
386 20 22.5 21.25 1.77 8.32 
474.5 30 32.5 31.25 1.77 5.66 
592 32.5 32.5 32.5 0.00 0.00 
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Table B.6, Continued: Total Lipid Concentration per mL Culture 
  
Samples 1 & 2 
Reactor 
Time  
Elapsed 
(hrs) 
Average 
1 & 2 
(µg/mL 
culture) 
Std. Dev. 
1 & 2 
Coeff. 
Of Var. 
1 & 2 
0 
0 9.38 4.42 47.14 
98 15 1.77 11.79 
217.75 20.63 4.42 21.43 
337.75 18.13 0.88 4.88 
386 20.63 2.65 12.86 
474.5 33.13 9.72 29.35 
592 23.13 0.88 3.82 
25 
0 6.25 1.77 28.28 
98 10.83 1.44 13.32 
217.75 15.63 2.65 16.97 
337.75 20 1.77 8.84 
386 28.75 5.3 18.45 
474.5 28.13 13.26 47.14 
592 26.25 1.77 6.73 
50 
0 7.5 7.07 94.28 
98 15 1.77 11.79 
217.75 14.38 6.19 43.04 
337.75 14.38 0.88 6.15 
386 16.25 1.77 10.88 
474.5 27.5 1.77 6.43 
592 24.38 0.88 3.63 
100 
0 9.38 9.72 103.71 
98 13.75 0.00 0.00 
217.75 27.5 14.14 51.43 
337.75 21.25 1.77 8.32 
386 26.88 7.96 29.60 
474.5 27.5 5.3 19.28 
592 37.5 7.07 18.86 
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Table B.7: Concentration of SQDG per mL Culture 
Reactor 
Time  
Elapsed  
(hrs) 
Sample  
1 
(mg/mL) 
Sample  
2 
(mg/mL) 
Sample  
3 
(mg/mL) 
Sample  
4 
(mg/mL) 
0 
0 0.001792 0.001807 0.002066 0.001672 
98 0.001187 0.001773 0.001369 0.001979 
217.75 0.001662 0.001524 0.001371 0.001396 
337.75 0.001292 0.002374 0.001092 0.002059 
386 0.001965 0.001605 0.001805 0.001528 
474.5 0.002807 0.002511 0.002635 0.002427 
592 0.001823 0.001457 0.001975 0.001854 
25 
0 0.000695 0.000597 0.000833 0.000669 
98 0.001255 0.001856 0.001097 0.002040 
217.75 0.001146 0.001477 0.000882 0.001339 
337.75 0.001863 0.001008 0.001558 0.000994 
386 0.001002 0.001168 0.000929 0.000951 
474.5 0.001589 0.002072 0.001608 0.002420 
592 0.001192 0.001051 0.000948 0.000840 
50 
0 0.001039 0.002452 0.000477 0.002577 
98 0.002591 0.001910 0.002406 0.001679 
217.75 0.001974 0.001832 0.001889 0.001952 
337.75 0.001222 0.002816 0.000760 0.002339 
386 0.002576 0.001569 0.002091 0.001609 
474.5 0.001315 0.001507 0.001689 0.001681 
592 0.001389 0.001298 0.001298 0.001188 
100 
0 0.001671 0.000981 0.001373 0.000922 
98 0.000699 0.001269 0.000623 0.001072 
217.75 0.001112   0.000941 0.000935 
337.75 0.004311 0.002671 0.003656 0.002480 
386 0.001617 0.001626 0.001534 0.001351 
474.5 0.001042 0.002395 0.001214 0.002601 
592 0.002001 0.001754 0.001909 0.001778 
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Table B.7, Continued:  Concentration of SQDG per mL Culture 
Reactor 
Time  
Elapsed  
(hrs) 
Average 
(mg/mL) 
Std. Dev. 
Between  
1,2,3 & 4 
Coefficient of Variance 
Between  
1,2,3 & 4 (%) 
0 
0 0.001834 0.000166 9.04 
98 0.001577 0.000363 23.03 
217.75 0.001488 0.000134 9.00 
337.75 0.001704 0.000611 35.84 
386 0.001726 0.000198 11.47 
474.5 0.002595 0.000165 6.36 
592 0.001777 0.000223 12.57 
25 
0 0.000698 0.000099 14.11 
98 0.001562 0.000456 29.21 
217.75 0.001211 0.000258 21.31 
337.75 0.001356 0.000428 31.60 
386 0.001012 0.000108 10.72 
474.5 0.001922 0.000400 20.82 
592 0.001008 0.000150 14.92 
50 
0 0.001636 0.001041 63.60 
98 0.002147 0.000424 19.73 
217.75 0.001912 0.000064 3.36 
337.75 0.001784 0.000955 53.54 
386 0.001961 0.000474 24.16 
474.5 0.001548 0.000177 11.41 
592 0.001293 0.000082 6.35 
100 
0 0.001237 0.000352 28.43 
98 0.000916 0.000306 33.45 
217.75 0.000996 0.000100 10.06 
337.75 0.003279 0.000859 26.20 
386 0.001532 0.000128 8.34 
474.5 0.001813 0.000799 44.06 
592 0.001860 0.000116 6.23 
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Table B.8: Concentration of SQDG per mg Algal Dry Weight 
Reactor 
Time  
Elapsed 
(hrs) 
Sample  
1 
(mg/mg) 
Sample 
2 
(mg/mg) 
Sample  
3 
(mg/mg) 
Sample  
4 
(mg/mg) 
0 
0 0.030891 0.031150 0.035616 0.028827 
98 0.010060 0.015026 0.011598 0.016774 
217.75 0.010136 0.009295 0.008360 0.008513 
337.75 0.004583 0.008419 0.003871 0.007303 
386 0.008695 0.007101 0.007988 0.006759 
474.5 0.010878 0.009734 0.010213 0.009406 
592 0.006701 0.005356 0.007260 0.006817 
25 
0 0.014480 0.012440 0.017346 0.013936 
98 0.008369 0.012371 0.007313 0.013598 
217.75 0.005616 0.007241 0.004323 0.006562 
337.75 0.008957 0.004845 0.007492 0.004778 
386 0.003914 0.004564 0.003628 0.003713 
474.5 0.004414 0.005756 0.004466 0.006723 
592 0.003026 0.002668 0.002406 0.002131 
50 
0 0.023625 0.055728 0.010850 0.058562 
98 0.018773 0.013843 0.017432 0.012170 
217.75 0.010964 0.010176 0.010494 0.010845 
337.75 0.006301 0.014514 0.003916 0.012059 
386 0.011202 0.006820 0.009093 0.006994 
474.5 0.004597 0.005270 0.005906 0.005876 
592 0.004014 0.003751 0.003752 0.003434 
100 
0 0.034803 0.020443 0.028602 0.019214 
98 0.003973 0.007210 0.003541 0.006091 
217.75 0.006176   0.005229 0.005195 
337.75 0.020528 0.012718 0.017407 0.011809 
386 0.006739 0.006774 0.006392 0.005628 
474.5 0.004006 0.009211 0.004667 0.010003 
592 0.006670 0.005846 0.006362 0.005926 
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Table B.8, Continued:  Concentration of SQDG per mg Algal Dry Weight 
Reactor 
Time  
Elapsed 
(hrs) 
Average 
(mg/mg) 
Standard Deviation 
Between 1,2,3 & 4 
Coefficient of Variance 
Between 1,2,3 & 4 (%) 
0 
0 0.031621 0.002859 9.04 
98 0.013365 0.003078 23.03 
217.75 0.009076 0.000817 9.00 
337.75 0.006044 0.002166 35.84 
386 0.007636 0.000875 11.47 
474.5 0.010058 0.000640 6.36 
592 0.006534 0.000821 12.57 
25 
0 0.014550 0.002054 14.11 
98 0.010413 0.003042 29.21 
217.75 0.005935 0.001265 21.31 
337.75 0.006518 0.002060 31.60 
386 0.003955 0.000424 10.72 
474.5 0.005340 0.001112 20.82 
592 0.002558 0.000382 14.92 
50 
0 0.037191 0.023652 63.60 
98 0.015554 0.003070 19.73 
217.75 0.010620 0.000357 3.36 
337.75 0.009198 0.004924 53.54 
386 0.008528 0.002060 24.16 
474.5 0.005412 0.000618 11.41 
592 0.003738 0.000237 6.35 
100 
0 0.025765 0.007325 28.43 
98 0.005204 0.001741 33.45 
217.75 0.005533 0.000557 10.06 
337.75 0.015616 0.004092 26.20 
386 0.006383 0.000532 8.34 
474.5 0.006972 0.003072 44.06 
592 0.006201 0.000386 6.23 
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Table B.9: Concentration of SQDG per mL Total Lipids 
Reactor 
Time  
Elapsed 
(hrs) 
Sample  
1 
(mg/mL) 
Sample  
2 
(mg/mL) 
Sample 
3 
(mg/mL) 
Sample 
4 
(mg/mL) 
0 
0 0.017917 0.018067 0.020658 0.016720 
98 0.011871 0.017731 0.013686 0.019793 
217.75 0.016623 0.015244 0.013711 0.013961 
337.75 0.012925 0.023741 0.010917 0.020593 
386 0.019650 0.016048 0.018053 0.015276 
474.5 0.028065 0.025114 0.026350 0.024267 
592 0.018228 0.014569 0.019746 0.018542 
25 
0 0.006950 0.005971 0.008326 0.006689 
98 0.012553 0.018556 0.010970 0.020397 
217.75 0.011456 0.014772 0.008819 0.013386 
337.75 0.018631 0.010077 0.015583 0.009938 
386 0.010020 0.011685 0.009287 0.009505 
474.5 0.015891 0.020722 0.016077 0.024202 
592 0.011924 0.010513 0.009480 0.008397 
50 
0 0.010395 0.024520 0.004774 0.025767 
98 0.025907 0.019103 0.024056 0.016795 
217.75 0.019736 0.018317 0.018889 0.019521 
337.75 0.012224 0.028158 0.007597 0.023395 
386 0.025764 0.015687 0.020915 0.016087 
474.5 0.013146 0.015072 0.016891 0.016806 
592 0.013890 0.012978 0.012982 0.011881 
100 
0 0.016705 0.009812 0.013729 0.009223 
98 0.006993 0.012689 0.006232 0.010720 
217.75 0.011117 0.000000 0.009412 0.009352 
337.75 0.043109 0.026707 0.036555 0.024799 
386 0.016173 0.016259 0.015340 0.013507 
474.5 0.010416 0.023949 0.012135 0.026007 
592 0.020011 0.017538 0.019085 0.017777 
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Table B.9, Continued:  Concentration of SQDG per mL Total Lipids 
Reactor 
Time  
Elapsed 
(hrs) 
Average 
(mg/mL) 
Standard Deviation 
Between 1,2,3 & 4 
Coefficient of Variance 
Between 1,2,3 & 4 (%) 
0 
0 0.018340 0.001658 9.04 
98 0.015770 0.003632 23.03 
217.75 0.014885 0.001339 9.00 
337.75 0.017044 0.006109 35.84 
386 0.017257 0.001979 11.47 
474.5 0.025949 0.001650 6.36 
592 0.017771 0.002233 12.57 
25 
0 0.006984 0.000986 14.11 
98 0.015619 0.004563 29.21 
217.75 0.012108 0.002580 21.31 
337.75 0.013557 0.004284 31.60 
386 0.010124 0.001085 10.72 
474.5 0.019223 0.004002 20.82 
592 0.010079 0.001503 14.92 
50 
0 0.016364 0.010407 63.60 
98 0.021465 0.004236 19.73 
217.75 0.019116 0.000642 3.36 
337.75 0.017844 0.009553 53.54 
386 0.019613 0.004739 24.16 
474.5 0.015479 0.001766 11.41 
592 0.012933 0.000822 6.35 
100 
0 0.012367 0.003516 28.43 
98 0.009159 0.003064 33.45 
217.75 0.007470 0.005047 67.56 
337.75 0.032793 0.008593 26.20 
386 0.015320 0.001277 8.34 
474.5 0.018127 0.007986 44.06 
592 0.018603 0.001159 6.23 
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Table B.10: Percent of SQDG in Total Lipids 
Reactor 
Time 
Elapsed  
(hrs) 
Sample 1  
% SQDG in  
Total Lipid 
Sample 2  
% SQDG in  
Total Lipid 
Avg % SQDG 
in 1 & 2 
Standard 
Deviation 
0 
0 15.42975165 27.82930856 21.62953011 8.76781077 
98 7.863597257 13.64502412 10.75431069 4.08808614 
217.75 8.666928712 6.148436662 7.407682687 1.78084281 
337.75 6.811853289 11.82256209 9.317207688 3.54310617 
386 8.378329661 8.35308439 8.365707026 0.0178511 
474.5 6.801876005 9.405746276 8.10381114 1.84121433 
592 7.994538428 7.357941755 7.676240091 0.45014182 
25 
0 15.27618367 8.44033113 11.8582574 4.83367769 
98   17.31251266 17.31251266   
217.75 5.792940095 10.23930352 8.016121809 3.14405373 
337.75 9.123973557 4.709279131 6.916626344 3.12166037 
386 2.970294526 4.238013221 3.604153874 0.89641249 
474.5 4.262302424 11.97978917 8.121045798 5.45708721 
592 3.891721214 3.782054672 3.836887943 0.07754596 
50 
0 30.33796677 20.11511881 25.22654279 7.22864511 
98 15.37311472 13.0537983 14.21345651 1.64000437 
217.75 19.31220297 10.09020547 14.70120422 6.52093697 
337.75 6.607158597 18.74645833 12.67680846 8.58378116 
386 13.33677736 10.59143589 11.96410662 1.94124957 
474.5 5.721459625 5.543988627 5.632724126 0.12549095 
592 5.374336252 5.23366089 5.303998571 0.0994725 
100 
0 60.86860818 5.857027803 33.36281799 38.8990615 
98 4.80912177 8.512404372 6.660763071 2.61861624 
217.75 2.73719969 5.34371985 4.04045977 1.84308808 
337.75 17.70316638 12.87657674 15.28987156 3.41291427 
386 4.848223636 7.003785641 5.926004639 1.52421251 
474.5 4.74768626 7.992876184 6.370281222 2.2946958 
592 4.599539669 5.433152376 5.016346022 0.5894532 
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Table B.11: Post-Experiment 5-Day Growth Data 
Reactor 
Time 
(hrs) 
pH 
Dry Weight  
(mg/L) 
Alkalinity 
(mol eq/L) 
OD 
TIC 
(mol/L C) 
Avg TIC 
(mol/L C) 
0 
0 10 42 0.0008 0.023 0.000515 
0.000269 
24 10.72 54 0.00088 0.029 0.000203 
48 10.72 68 0.0006 0.052 0.000043 
72 10.59 88 0.00088 0.084 0.000291 
96 10.66 98 0.00096 0.100 0.000292 
25 
0 10.03 26 0.00132 0.039 0.000882 
0.000581 
24 10.04 44 0.00144 0.017 0.000963 
48 10.81 40 0.0012 0.032 0.000311 
72 10.86 62 0.00124 0.048 0.000286 
96 10.88 76 0.0016 0.056 0.000465 
50 
0 10.16 24 0.00196 0.013 0.001254 
0.000777 
24 10.44 38 0.00196 0.010 0.001048 
48 10.96 50 0.00176 0.041 0.000462 
72 10.97 70 0.00176 0.041 0.000449 
96 11 74 0.00224 0.061 0.000671 
100 
0 10.15 32 0.0032 0.020 0.002120 
0.001490 
24 10.37 50 0.00324 0.019 0.001916 
48 10.87 66 0.0024 0.038 0.000918 
72 10.99 92 0.00304 0.063 0.001117 
96 10.96 92 0.00344 0.076 0.001376 
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Table B.12: Post-Experiment 5 Day Concentration of SQDG per mg Dry Biomass 
Reactor 
Time  
Elapsed  
(hrs) 
Sample  
(mg/mg) 
0 
0 0.001245 
24 0.000878 
48 0.001476 
72 0.00081 
96 0.001211 
25 
0 0.003615 
24 0.000574 
48 0.001798 
72 0.001315 
96 0.001056 
50 
0 0.031143 
24 0.006903 
48 0.000769 
72 0.000682 
96 0.001169 
100 
0 0.010286 
24 0.001012 
48 0.001449 
72 0.00162 
96 0.000841 
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APPENDIX C 
 
CHROMATOGRAMS 
 
 
 
Figure C.1: Phospholipid Fraction from 0 hr Sample, Reactor 0 
 
 
Figure C.2: Phospholipid Fraction from Second 0 hr Sample, Reactor 0 
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Figure C.3: Phospholipid Fraction from 0 hr Sample, Reactor 25 
 
 
Figure C.4: Phospholipid Fraction from Second 0 hr Sample, Reactor 25 
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Figure C.5: Phospholipid Fraction from 0 hr Sample, Reactor 50 
 
 
Figure C.6: Phospholipid Fraction from Second 0 hr Sample, Reactor 50 
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Figure C.7: Phospholipid Fraction from 0 hr Sample, Reactor 100 
 
 
Figure C.8: Phospholipid Fraction from Second 0 hr Sample, Reactor 100 
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Figure C.9: Phospholipid Fraction from 98 hr Sample, Reactor 0 
 
 
Figure C.10: Phospholipid Fraction from Second 98 hr Sample, Reactor 0 
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Figure C.11: Phospholipid Fraction from 98 hr Sample, Reactor 25 
 
 
Figure C.12: Phospholipid Fraction from Second 98 hr Sample, Reactor 25 
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Figure C.13: Phospholipid Fraction from 98 hr Sample, Reactor 50 
 
 
Figure C.14: Phospholipid Fraction from Second 98 hr Sample, Reactor 50 
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Figure C.15: Phospholipid Fraction from 98 hr Sample, Reactor 100 
 
 
Figure C.16: Phospholipid Fraction from Second 98 hr Sample, Reactor 100 
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Figure C.17: Phospholipid Fraction from 217.75 hr Sample, Reactor 0 
 
 
Figure C.18: Phospholipid Fraction from Second 217.75 hr Sample, Reactor 0 
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Figure C.19: Phospholipid Fraction from 217.75 hr Sample, Reactor 25 
 
 
Figure C.20: Phospholipid Fraction from Second 217.75 hr Sample, Reactor 25 
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Figure C.21: Phospholipid Fraction from 217.75 hr Sample, Reactor 50 
 
 
Figure C.22: Phospholipid Fraction from Second 217.75 hr Sample, Reactor 50 
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Figure C.23: Phospholipid Fraction from 217.75 hr Sample, Reactor 100 
 
Figure C.24: Phospholipid Fraction from Second 217.75 hr Sample, Reactor 100 
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Figure C.25: Phospholipid Fraction from 337.75 hr Sample, Reactor 0 
 
 
Figure C.26: Phospholipid Fraction from Second 337.75 hr Sample, Reactor 0 
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Figure C.27: Phospholipid Fraction from 337.75 hr Sample, Reactor 25 
 
 
Figure C.28: Phospholipid Fraction from Second 337.75 hr Sample, Reactor 25 
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Figure C.29: Phospholipid Fraction from 337.75 hr Sample, Reactor 50 
 
 
Figure C.30: Phospholipid Fraction from Second 337.75 hr Sample, Reactor 50 
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Figure C.31: Phospholipid Fraction from 337.75 hr Sample, Reactor 100 
 
 
Figure C.32: Phospholipid Fraction from Second 337.75 hr Sample, Reactor 100 
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Figure C.33: Phospholipid Fraction from 386 hr Sample, Reactor 0 
 
 
Figure C.34: Phospholipid Fraction from Second 386 hr Sample, Reactor 0 
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Figure C.35: Phospholipid Fraction from 386 hr Sample, Reactor 25 
 
 
Figure C.36: Phospholipid Fraction from Second 386 hr Sample, Reactor 25 
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Figure C.37: Phospholipid Fraction from 386 hr Sample, Reactor 50 
 
 
Figure C.38: Phospholipid Fraction from Second 386 hr Sample, Reactor 50 
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Figure C.39: Phospholipid Fraction from 386 hr Sample, Reactor 100 
 
 
Figure C.40: Phospholipid Fraction from Second 386 hr Sample, Reactor 100 
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Figure C.41: Phospholipid Fraction from 474.5 hr Sample, Reactor 0 
 
 
Figure C.42: Phospholipid Fraction from Second 474.5 hr Sample, Reactor 0 
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Figure C.43: Phospholipid Fraction from 474.5 hr Sample, Reactor 25 
 
 
Figure C.44: Phospholipid Fraction from Second 474.5 hr Sample, Reactor 25 
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Figure C.45: Phospholipid Fraction from 474.5 hr Sample, Reactor 50 
 
 
Figure C.46: Phospholipid Fraction from Second 474.5 hr Sample, Reactor 50 
122 
 
 
 
 
Figure C.47: Phospholipid Fraction from 474.5 hr Sample, Reactor 100 
 
 
Figure C.48: Phospholipid Fraction from Second 474.5 hr Sample, Reactor 100 
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Figure C.49: Phospholipid Fraction from 592 hr Sample, Reactor 0 
 
 
Figure C.50: Phospholipid Fraction from Second 592 hr Sample, Reactor 0 
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Figure C.51: Phospholipid Fraction from 592 hr Sample, Reactor 25 
 
 
Figure C.52: Phospholipid Fraction from Second 592 hr Sample, Reactor 25 
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Figure C.53: Phospholipid Fraction from 592 hr Sample, Reactor 50 
 
 
Figure C.54: Phospholipid Fraction from Second 592 hr Sample, Reactor 50 
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Figure C.55: Phospholipid Fraction from 592 hr Sample, Reactor 100 
 
 
Figure C.56: Phospholipid Fraction from Second 592 hr Sample, Reactor 100 
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Figure C.57: Post Experiment SQDG Standard, 0.1 mg/mL 
 
Figure C.58: Post Experiment SQDG Standard, 0.05 mg/mL 
 
Figure C.59: Post Experiment SQDG Standard, 0.025 mg/mL 
 
Figure C.60: Post Experiment SQDG Standard, 0.0125 mg/mL 
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Figure C.61: Post Experiment SQDG Standard, 0.00625 mg/mL 
 
Figure C.62: Post Experiment SQDG Standard, 0.003125 mg/mL 
 
Figure C.63: Post Experiment Phospholipid Fraction from 0 hr Sample, Reactor 0 
 
Figure C.64: Post Experiment Phospholipid Fraction from 0 hr Sample, Reactor 25 
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Figure C.65: Post Experiment Phospholipid Fraction from 0 hr Sample, Reactor 50 
 
Figure C.66: Post Experiment Phospholipid Fraction from 0 hr Sample, Reactor 100 
 
Figure C.67: Post Experiment Phospholipid Fraction from 24 hr Sample, Reactor 0 
 
Figure C.68: Post Experiment Phospholipid Fraction from 24 hr Sample, Reactor 25 
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Figure C.69: Post Experiment Phospholipid Fraction from 24 hr Sample, Reactor 50 
 
Figure C.70: Post Experiment Phospholipid Fraction from 24 hr Sample, Reactor 100 
 
Figure C.71: Post Experiment Phospholipid Fraction from 48 hr Sample, Reactor 0 
 
Figure C.72: Post Experiment Phospholipid Fraction from 48 hr Sample, Reactor 25 
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Figure C.73: Post Experiment Phospholipid Fraction from 48 hr Sample, Reactor 50 
 
Figure C.74: Post Experiment Phospholipid Fraction from 48 hr Sample, Reactor 100 
 
Figure C.75: Post Experiment Phospholipid Fraction from 72 hr Sample, Reactor 0 
 
Figure C.76: Post Experiment Phospholipid Fraction from 72 hr Sample, Reactor 25 
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Figure C.77: Post Experiment Phospholipid Fraction from 72 hr Sample, Reactor 50 
 
Figure C.78: Post Experiment Phospholipid Fraction from 72 hr Sample, Reactor 100 
 
Figure C.79: Post Experiment Phospholipid Fraction from 96 hr Sample, Reactor 0 
 
Figure C.80: Post Experiment Phospholipid Fraction from 96 hr Sample, Reactor 25 
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Figure C.81: Post Experiment Phospholipid Fraction from 96 hr Sample, Reactor 50 
 
Figure C.82: Post Experiment Phospholipid Fraction from 96 hr Sample, Reactor 100 
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APPENDIX D 
GRAPHICAL REPRESENTATIONS OF DATA 
 
Figure D.1: Average TIC in First Growth Phase versus Specific Growth Rates  
 
Figure D.2: Post Experiment SQDG Standard Curve 
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